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ABSTRACT 
Recent advancements in biomaterial technologies have fostered growth in 
alternative surgical procedures to fusion surgery for treatment of early stages of 
degenerative disc disease. One application of immediate interest is that of nucleus 
arthroplasty (NA). Novel materials are being developed to better match the nonlinear 
biomechanical properties of the native tissue. The effects of changing the motion segment 
unit (MSU) properties via surgery (nucleotomy) or placement of a nucleus arthroplasty 
material, changes the effort or work required to move the altered spine condition through 
a prescribed kinematic path relative to the intact spine condition. The closer the loading 
mechanics of the altered spine are to the intact spine condition, the better the likelihood 
the device will restore the native properties. The objective of this research was to use a 
new testing protocol to evaluate different designs used in nucleus replacement devices 
and compare their restorative characteristics to the native tissue.  
 
Seven human lumbar MSUs were tested in the harvested, nucleotomy, compliant 
implanted, and non-compliant implanted spine conditions. The spinal segments were 
mounted in a spine robot and tested in flexion and extension about six fixed points of 
rotation located along the centerline of the disc and 5 mm below the endplate.  The spinal 
MSUs were rotated about the designated fixed points of rotation until a target bending 
moment of 8Nm of flexion or extension was reached, or the compressive or shear forces 
exceeded 500N. Measurements for all test conditions included the MSU axial force 
normal to the plane of the disc, shear force along the plane of the disc, sagittal rotation, 
and sagittal bending moment.  
 
During flexion testing, greater MSU rotation occurred for the nucleotomy 
condition compared to the harvested and implanted spine conditions for all points of 
rotation. There were no differences between the harvested and compliant implanted spine 
condition in the MSU rotations, compressive load, or shear load for all points of rotation. 
The non-compliant implanted spine condition caused greater compressive and shear 
forces at the posterior points of rotation.  Compared to the other three spine conditions, 
the nucleotomy spine condition had significantly greater rotation in flexion. In extension 
testing, greater shear and compressive forces acted on the MSU for the nucleotomy spine 
condition compared to harvested and implanted spine conditions at central and posterior 
points.  
 
Denucleating the MSU led to a more destabilized spine condition with greater 
MSU rotation in flexion and greater disk compression in extension. After implantation of 
a compliant implant, variation was reduced and the response profile moved towards the 
harvested state for all test points. Implantation of a non-compliant implant caused an 
increase in the shear and compressive forces acting across the joint.  Since spinal discs 
and compliant nucleus replacement technologies do not have a prescribed axis of 
rotation, evaluating the kinematic response at multiple locations of rotation may more 
effectively characterize the restorative effect of these technologies compared to more 
traditional in vitro test methods. Overall, this method offers new insight into thoroughly 
understanding the kinematics response of all types of nucleus arthroplasty technologies. 
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CHAPTER 1:  INTRODUCTION 
Over the past fifty years, significant progress has been made in the development 
of spinal implants.  While spinal fusion remains the gold standard of surgical care, 
engineers and scientists continue to develop alternative surgical treatments.  Today, 
patients with degenerative disc disease can elect to have total disc replacement surgery, a 
procedure aimed at maintaining or restoring segmental spinal motion, rather than just 
fusing the vertebrae together, which hinders global motion and may cause collateral 
damage to the surrounding tissues via adjacent segment disease.  Another alternative 
surgical option under development is nucleus replacement.  This process involves 
removing the nucleus pulposus and replacing it with either a mechanical or a compliant 
implant.  Replacing just the nucleus has many benefits over removing the entire disc or 
fusion.  First, most of the surgeries involved in implanting these devices are much less 
invasive and require a shorter healing time.  Also, the surgeries can be performed in the 
early stages of disc degeneration.  Performing the surgeries earlier allows for the 
retention of more healthy surrounding tissue.  Several different models of nucleus 
replacement devices exist.  Some involve using polymers and synthetic materials, or have 
rigid, mechanical properties.  Others use a hydrogel core that mimics the swelling and 
shrinking characteristics of a normal nucleus pulposus.1;18  The biomechanics of those 
that involve a hydrogel core are particularly interesting due to the compliant nature of the 
material used.  Since these devices are designed to mimic some of the properties of the 
nucleus pulposus, the biomechanics and kinematics of the devices are much more 
difficult to describe.  Currently, no testing protocol exists that measures the effectiveness 
of these compliant devices to function as the native tissue.24   
 
 The objective of this research was to evaluate different designs used in nucleus 
arthroplasty devices and to compare their restorative characteristics to the native tissue.  
A recently developed testing protocol was used that enabled simulation of different 
centers of rotation on the same motion segment unit (MSU) and comparison of the MSU 
mechanics for each spine condition.  The main body of this thesis is divided into two 
separate manuscripts to be submitted for publication. 
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CHAPTER 2:  BACKGROUND 
This chapter is organized into two main sections that serve as general background 
information for the two presented manuscripts.  The first part of this chapter deals with 
the general anatomy of a spinal motion segment unit.  It first describes the general 
structure of the spine, and then the structure and mechanics of the intervertebral discs.  
Finally, it describes exactly what defines a motion segment unit.  The second part of this 
chapter describes degenerative disc disease and some of the therapies and surgical 
treatment options. 
Motion Segment Unit Anatomy 
General Spine Anatomy 
The human spine consists of 32-34 vertebrae connected by intervertebral discs, 
various ligaments, and/or fusion.  Of these vertebrae, seven are located in the cervical 
region, twelve in the thoracic region, five in the lumbar region, five fused in the sacrum, 
and three to five fused to form the coccyx.  Figure 2.1 shows the basic shape of the spinal 
column.  The kyphotic (concave anterior) and lordotic (convex anterior) curves of the 
spine shown in this figure help to further distribute weight.  
 
The bony structures of the cervical, thoracic, and lumbar regions of the spine 
differ in size and shape, but contain the same basic structures.  The largest section, or the 
body, distributes weight and provides the stability for the anterior section of the spine.  
The inferior and superior articular processes of adjacent vertebrae, along with the 
corresponding ligament, form the facet joint, which provides the main stability of the 
posterior section of the spine.  The pedicles protrude from the main body and connect it 
to the posterior structures.  These other bony structures include the foramen, spinous 
processes, and transverse processes. 
 
While the spinal column distributes weight and allows for the upright stance of 
humans, it also provides other functions.  The foramen protects the spinal cord and other 
nerve roots as they travel from the brain stem to the pelvis.  The processes function as 
insertion points for both ligaments (to connect bony structures and provide stability) and 
tendons (to connect muscles for movement).  The shape and design of the spinal column 
allows for range of motion in three anatomical planes: flexion-extension, axial rotation, 
and lateral bending. 
 
In the lumbar region of the spine, seen in Figure 2.2, the vertebral bodies are 
significantly larger than the cervical and upper thoracic regions because it is responsible 
for much of the weight bearing and movement that occur during daily activities.  The size 
of each body further increases from L1 through L5.  As can be seen in Figure 2.1, the 
body is larger in the transverse direction and forms more of a bean shape.  The height of 
the posterior section of the vertebral body is slightly less than the anterior sections in the 
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(A)                  (B) 
Figure 2.1:  General Spine Anatomy.  (A) Lateral view of the human spinal column. 
(B) The bony structures of the spine.  The example shown is in the lumbar region.  Each 
number denotes the major features, including the body (1) and processes (2,3,4).  The 
pedicle (5) provides stability and connects the body to the posterior elements.  The neural 
arch, or foramen, (6) allows passage of the spinal cord.  [Adapted with permission. Gray, 
Henry. Anatomy of the Human Body. Philadelphia: Lea & Febiger, 1918; Bartleby.com, 
2000. www.bartleby.com/107/illus111 and 94.27] 
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(A)           (B) 
Figure 2.2:  The Lumbar Spine.  (A) Lateral view of the lumbar spine. [Adapted with 
permission. Gray, Henry. Anatomy of the Human Body. Philadelphia: Lea & Febiger, 
1918; Bartleby.com, 2000. www.bartleby.com/107/illus111.27]  (B)  Radiograph of 
lumbar spine showing angles of discs.  The superior end of L1 is assumed to be 
horizontal. 
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last three vertebrae, which influences the curve of the spine.15  The lordotic curve of the 
lumbar region also causes the L5-S junction to form a 30-45° angle with the horizontal 
when the whole spine is positioned in a neutral upright orientation.  Also when the spine 
is positioned in the neutral position, the cranial endplate of the L1 vertebral body is close 
to horizontal. 
Intervertebral Disc Anatomy and Mechanics 
From the second cervical vertebrae to the sacrum, the vertebral bodies are 
separated from each other by intervertebral discs.  These discs serve to separate the bony 
sections of the main vertebral bodies.  The compliant nature of the disc allows for more 
motion between the vertebrae.  It also evenly distributes the weight across the entire 
endplate of the vertebral body and acts as a shock-absorber to prevent overloading of the 
main bodies.15 
 
Each disc contains two main sections: the annulus fibrosus and nucleus pulposus.  
Figure 2.3 shows the estimated boundary between the two sections.  This boundary is 
distinct in children, but becomes more blurred in adulthood.15;34  A third section, the 
cartilage end plates, is sometimes included in the structure of the disc because the 
cartilage of the endplates continues into the annulus.53  While both the annulus and the 
nucleus are composed of the same basic materials (collagen, proteoglycans, and water), 
the structures, make-up, and how these materials are arranged alter the functions of each 
of the sections. 
 
The annulus consists of type I and type II cartilage arranged in fibrous, concentric 
rings, called lamellae.  The collagen fibers attach at an angle to the endplates, then 
alternate direction in each subsequent layer.  This structure allows the annular tissue to 
resist most of the tensile forces experienced in the disc.  It also serves to connect the 
superior and inferior endplates in one, continuous structure. 
 
The nucleus typically accounts for 40 percent of the cross-sectional area of the 
disc and is located centrally to slightly posteriorly in the disc space.15  The main 
components of the nucleus include type II collagen fibers surrounded by proteoglycans.  
The ratio of collagen to proteoglycans changes, depending on location in the disc and the 
position of the disc in the spine.  Fewer proteoglycans exist towards the boundary 
between the nucleus and the annulus.  This change gives the disc different viscoelastic 
properties depending on the types of loads it needs to bear.  The presence of high 
concentrations of water allows the nucleus to resist the compressive forces of the disc.  
Because the proteoglycans attract water, the consistency of the nucleus is much more gel-
like than the annulus.  The proteoglycans also aid in providing nutrients to the entire disc 
region.  The disc itself does not contain any blood vessels except on the very outer layers 
of the annulus.  It relies on nutrients that are pulled into the nucleus along with the water.  
As the disc is compressed, the waste products are pushed out along with excess water in a 
pumping mechanism.5 
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Figure 2.3:  Anatomy of the Intervertebral Disc.  [Reprinted with permission. Humzah 
MD and Soames RW. Human intervertebral disc: structure and function. The Anatomical 
Record 1988;220:337-56.34] 
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Figure 2.4 shows the interaction between the nuclear and annular forces when a 
load is placed on the disc.  Without any additional forces, the annulus is preloaded by the 
interaction with the hydrophilic nucleus.59  Because of these interactions, the entire disc 
acts as a pressurized chamber.  As the disc is compressed uniformly, the nucleus pulposus 
distributes the force to the annulus in the form of tensile forces.28  As is shown in the 
figure, the annulus bulges outward, putting the majority of the fibers into tension.  If the 
nucleus is damaged, the inner portions of the annulus can bulge inwards,45 changing the 
dynamics of the tissue.  Also shown in the figure is how the forces on the spine change as 
it is put into flexion or extension.  As the spine is put into flexion, anterior portions of the 
disc are put into compression while posterior portions are put into tension.  The opposite 
loading mechanics occur in extension. 
Motion Segment Unit 
A motion segment unit, or MSU as used in in vitro testing, is a smaller unit of the 
entire spine.  It is sometimes called a functional spine unit and can maintain all of the 
major motions of the intact spine.61  The major components of the MSU are show in 
Figure 2.5.  These include two vertebral bodies, the intervertebral disc, and all relevant 
ligaments.  Although muscle function is not replicated, as much soft tissue is preserved as 
possible to prevent disruption of pertinent structures. 
 
As mentioned previously, the MSU maintains all the major motions of the intact 
spine.  This fact is accomplished by maintaining the intervertebral joint.  The 
intervertebral joint is actually a three-joint complex.  The main joint is the intervertebral 
disc itself.  The two other joints are the two posterior facet joints.  The interactions of 
these three joints allow six degree of spinal movement, three translational and three 
rotational, shown in Figure 2.6.  In reality, each movement of the spine in a plane is a 
coupled motion involving two translational and one rotational movement.  The 
orientation of the facet joints in the lumbar spine, however, prevents some of the 
rotational movements.51  In the MSU, the lack of muscle involvement prevents the 
movements from being truly physiological.  Certain in vitro testing conditions, however, 
may reasonably approximate very passive spine movements where muscle involvement is 
minimal. 
Disc Degeneration 
Stages 
Degenerative disc disease (DDD) is a term used to describe both the natural and 
unnatural degeneration of the spinal discs.  It is not clearly understood, or defined.  It has 
been used to describe not just the degeneration of the disc itself, but also general 
degeneration of the spine, disc herniation, and back pain.54  The link between disc 
degeneration and low back pain has been shown,43 but it can also manifest with no visible 
symptoms.11 
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(A)     (B) 
Figure 2.4:  Force Distribution in the Disc.  (A) As the disc is compressed by a force 
normal to the plane, the nucleus forces the annulus into tension.  (B)  Flexion or 
extension of the spine causes different areas of the disc to experience tension or 
compression. 
  
 
 
 
Figure 2.5:  The Motion Segment Unit (MSU).  The major bony features are labeled on 
both the drawing and the radiograph. 
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Figure 2.6:  Movement of the Motion Segment Unit.  The degrees of freedom of the 
MSU describe the motion.  [Reprinted with permission. White AA and Panjabi MM. 
Clinical Biomechanics of the Spine. 2nd ed. Philadelphia: J.B. Lippincott Co., 1990.  pg 
45.61] 
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Three stages of DDD are described by Kirkaldy-Willis and Farfan.36  While the 
boundaries of each stage are not specific, the amount of damage that occurs between the 
stages is significant.  Stage I is also called the dysfunctional stage and begins in the 20s.1  
It is also the least severe of the stages.  The outer annulus begins to tear while the inner 
nucleus experiences changes in proteoglycan content.  As the spinal column ages, the 
percentage of proteoglycans reduces, changing the water content of the nucleus to only 
65-70%.26  As the disc degenerates from its normal nucleus proteoglycan content, the 
more fibrous nucleus is less able to redistribute the forces it experiences to the outer 
annulus.  Subsequently, the load the annulus experiences increases and the disc height 
decreases.  Tearing of the outer annulus also leads to a disturbance of the natural 
pumping mechanism of the disc described earlier.  The pain experienced during this stage 
can usually be treated, however, using conservative methods.   
 
The instability stage, or stage II, occurs with further aging through the 30s to the 
50s.  The amount of tissue damage, including delamination of the annular layers, 
becomes more severe and pronounced and leads to instability of the segment.  The 
nucleus continues to change in proteoglycan content and water retention ability.  
Magnetic resonance images (MRIs) taken at this point reveal evidence of a “darker disc” 
and loss of disc height.1  The increased loads are also transferred to other components of 
the intervertebral joint, most notably the facets.21  Abnormal stresses may lead to further 
degeneration and breakdown of the joint.  Treatment during this stage is more intense to 
combat the increased amount of pain.  
 
Stage III, the stabilization stage, is the final stage of the degenerative process.  It 
normally occurs when people reach the age of 60 and beyond.  The ability of the disc to 
repair itself has been severely hampered by the lack of nutrients.  Therefore, other repair 
mechanisms have taken over to attempt to stabilize the segment, including osteophyte 
formation and ligament thickening.  The increased amount of tissue and decreased 
amount of disc space can lead to spinal stenosis.37  Spinal stenosis manifests as pain or 
numbness in the lower extremities due to the pinching or squeezing or the nerves from 
the lumbar spine.    
Treatment 
Most patients who suffer with DDD can be treated with conservative intervention 
with the main goal of easing pain.  Pain medication, bed rest, and physical therapy are 
sufficient to manage the pain most people experience.  Surgical intervention is sometimes 
required when conservative treatments for DDD fail to adequately remove the pain.  A 
small segment (1-2%1) of the population requires surgical intervention.  The most severe 
cases are recommended for fusion. 
 
Davis et al.1 have applied the following criteria to determine if surgery is required 
for a particular patient: 
 
1.  Chronic low back pain of discogenic origin for more than six months that has 
failed a reasonable comprehensive nonoperative treatment program. This non-
10 
operative treatment program may include physical therapy, chiropractic 
manipulation, activity modification, a back education program, oral 
medications, and/or epidural spinal injections. 
2.  The absence of neurological signs and symptoms (radicular findings). 
3.  Evidence of abnormal disc morphology or DDD on MRI. 
4.  A concordantly positive provocative discogram which includes normal control 
levels above and/or below the degenerative disc in question. 
 
Currently, three surgical treatments exist: partial discectomy, total disc 
replacement, or fusion.  Early stage cases may undergo discectomy.  Discectomy 
involves removing the disc material which is causing the pain.  This may involve just 
removing part of the nucleus, all of the nucleus, or part of the annulus.  In these cases, the 
pain may not be alleviated,4 and the condition may lead to an unstable condition.  The 
degeneration of the remaining tissue is allowed to resume.  In total disc replacement, an 
artificial disc is inserted in the disc space to replace the removed disc.  Fusion is a more 
extreme surgery and involves fusing the two vertebral bodies of a MSU together.  The 
fusion reduces the amount of motion that can occur at that level, which can alleviate the 
pain.  It can also lead to an increase of stresses on the unfused segments41 and further 
degeneration.42 
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CHAPTER 3:  BIOMECHANICAL PERFORMANCE OF A COMPLIANT 
NUCLEUS ARTHROPLASTY DEVICE 
Introduction 
 
Degenerative disc disease (DDD) occurs in a wide segment of the population.  
Early studies showed prevalence of some stage of DDD in 96% of patients over the age 
of 60.40  More recent studies, however, show a wide variance in the amount of DDD in 
the adult population.7;8  As the disease progresses, a loss of disc height occurs along with 
subsequent pain, increased load on the facet joints, and formation of osteophytes.5;15;46;56  
While fusion remains the gold standard of treatment for late stage DDD, the potential for 
early intervention and treatment of DDD has lead to the development of other therapies 
or treatments which retain many of the soft tissue elements and provide adequate 
motion.1;5;6;9;13;14;18;29;56;59  Recent advancements in biomaterial technologies have 
fostered growth in alternative surgical procedures to fusion surgery for treatment of early 
stages of DDD.  One application of immediate interest which utilizes many of the recent 
advancements in biomaterial technologies is that of nucleus arthroplasty (NA) 
technologies.  All of the different materials being developed can be classified as 
injectable devices, kinematically constrained mechanical devices, or load sharing 
devices.1-4  
 
Several reviews of nucleus replacement technology exist.6;9;18;60  Most, however, 
focus on the history and development of the devices, but do not compare the different 
material selections within a specific implant design.  One drawback to understanding 
emerging NA technologies is a lack of biomechanical studies in the literature. 
 
Not only will the properties of the NA device affect the segmental mechanics, but 
so does the final placement.   When considering a suitable material for a nucleus 
replacement device, each classification has a specific set of properties that are both 
advantageous and unfavorable to the restoration of the spine.  One should understand the 
effects that material selection will have mechanical properties of the motion segment 
unit. In theory, the surgical steps of removing the nucleus, coupled with the nucleus 
replacement material, changes the work required to move the altered spine condition 
through a prescribed kinematics path relative to the intact spine condition.  The closer the 
loading mechanics of the altered spine are to the intact spine condition, the more likely 
the device will restore the native properties.   
 
The objective of this research was to study the lumbar segmental mechanics of a 
compliant NA device in vitro in a human cadaveric spine model and compare their 
restorative characteristics to the native tissue.  A recently developed kinematics based 
testing protocol was used that enabled simulation of different centers of rotation on the 
same motion segment unit (MSU) and comparison of the MSU mechanics of the intact 
and altered spine conditions. 
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Materials and Methods 
Testing Apparatus 
A multi-axis programmable spine robot35 was used in this study that provided 
complete planar load and motion control of the spinal segment; conventional 
biomechanical testing systems including all of the multi-axis testing platforms currently 
being used in the spine research community cannot perform this task.10;22;24  The spine 
robot uses advanced user programmable control strategies that allow each axis to be 
independently programmed under displacement control, load control, or combinations 
thereof.  Two translational and two rotational axes provide four degrees of freedom for 
complete control over sagittal plane movements.  These unique features were used to 
generate the prescribed fixed motion paths used in this study.  The two six axis load cells 
(JR3 Inc., Woodland, CA) recorded the forces and moments produced during the 
motions. 
Tissue Preparation 
Six fresh human cadaveric lumbar spines having an average age 30.3±14.8 years 
were procured from the Medical Education and Research Institute (Memphis, TN).  The 
spines were radiographically assessed by a spine surgeon using a fluoroscopic C-arm (GE 
9600 or 9800, GE Healthcare, Chalfont St. Giles, United Kingdom) and were void of any 
gross tissue abnormalities.  Each specimen was frozen prior to the tissue preparation and 
the potting phase.  The spines were thawed for a 24 hour period and disarticulated into 
seven lumbar spinal MSUs (six x L3-L4 and one x L5-S).  Each MSU included two 
vertebral bodies with the intact intervertebral disc, posterior bony structures, and 
connecting ligaments.  Care was taken during dissection to maintain as much relevant 
soft tissue as possible.  The bony end surfaces of the vertebral bodies were cleaned and 
mounted in either 4-inch cylindrical (L3, L4 and L5) or custom-designed sacral pots.  The 
outer endplates of each spinal body was fixated into the pots using screws and a low 
melting point bismuth alloy (Small Parts, Miami Lakes, FL).  The original disc angle and 
neutral position was measured using public domain software (Image J, National Institute 
of Health) and maintained during the potting procedure.  Radiographic images were taken 
after the specimens were potted to verify disc angles: the average disc angles with respect 
to the superior endplate of L1 were 14° for L3-L4 and 36° for L5-S1. 
Surgical Spine Conditions 
Three separate surgical conditions were tested on each lumbar MSU: harvested, 
nucleotomy, and implanted spine conditions.  The harvested spine condition had no 
surgical alterations after the specimen was potted and served as a baseline condition to 
determine the influence of the surgical procedures and the restorative effects of the 
implanted condition.  For the nucleotomy and implanted spine conditions, a small 
incisional flap was made to the anterior aspect of the annulus.  The flap provided access 
to perform the nucleotomy and insert the NA device.  The HydraFlexTM Nucleus 
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Arthroplasty SystemTM (Raymedica, Minneapolis, MN) was used for the compliant 
implanted spine condition.  The device consisted of a hydrogel core and an ultra-high 
molecular weight polyethylene jacket.  It was fully hydrated in a saline solution prior to 
implantation.  The flap was sutured closed after the device was implanted. 
Test Protocol 
Although the conventional testing method of applying a pure or constant bending 
moment across a spinal construct and measuring the resulting motion response can be 
done, there are significant limitations with this testing methodology.  Physiologically, the 
spine is not loaded with a constant bending moment, but rather experiences a moment 
distribution that varies across all spinal levels as you go down the spine.  Further, a shear 
force component acts along the disc in vivo (Figure 3.1).  Although pure moment 
methods provide a standard approach for comparing different lumbar spinal devices and 
may be acceptable for testing fusion instrumentation,25 they are not well suited for 
studying any type of spinal device that permits motion and/or has a variable stiffness or 
modulus, such as compliant NA or disc replacement devices.  Also, studies that have 
used conventional pure moment testing methods cannot replicate the in vivo shear and 
axial force loading mechanics of the lumbar spine, which are inherent limitations.  An 
alternative in vitro testing method is needed to biomechanically study compliant spinal 
devices. 
 
A suitable testing protocol for NA must be able to distinguish between surgical 
conditions in terms of mechanics and kinematics.  The natural progression of DDD and 
certain surgical treatments for DDD, including nucleotomy, may cause the spine to 
become unstable.  White and Panjabi48;61 have used sagittal plane translation greater than 
4.5 mm or 15% of the anteroposterior diameter in a static radiographs as a sign of 
instability.  Disch et al.19 used dynamic translations greater than 3.0 mm or 10% of the 
cranial vertebral body.  A suitable testing protocol should include parameters that 
quantify these measurements relative to an in vivo measurement. 
 
A new testing protocol was developed that prescribed a known kinematic input to 
a lumbar spinal MSU and measured the capacity of the intact MSU to accommodate the 
motion in terms of load response and range of motion.16  The kinematics path could be a 
simple rotation about a fixed point in space, or a coupled movement (displacement and 
rotation) along a path.  The lumbar MSUs were mounted in the spine robot and tested 
first in flexion and then in extension.  The MSUs were rotated about each point of 
rotation until a target bending moment of 8Nm of flexion or extension was reached.  For 
all test conditions, MSU axial force normal to the disc plane, anterior-posterior shear 
force along the disc plane, sagittal rotation, and sagittal bending moment were measured. 
Simulation of Different Centers of Rotation 
For each specimen, a grid of points was identified on the radiographic images and 
their location determined using previously developed methodology12 (Figure 3.2).  The  
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Figure 3.1:  Force Components of Disc.  The body weight force vector (FBW) induces a 
bending moment (M=FBW*d).  The shear component (FS) of the body weight acts along 
the plane of the disc.  The axial component (FA) acts normal to the plane of the disc.  As 
the spine flexes and extends, the moment arm changes, altering the axial and shear 
components. 
 
 
 
 
Figure 3.2:  Grid of Rotational Points.  A1, C1, and P1 lie along the midline of the 
disc.  A2, C2, and P2 lie along the same orientation, but 5 mm below the endplate. 
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fluoroscopic images were calibrated in Image J software and the following six points 
were located: 1) the mid point of the disc (C1), 2) half way between the mid-point and 
anterior aspect of the disc (A1), 3) half way between the mid-point and posterior aspect 
of the disc (P1), 4) the same position as C1, but 5 mm below the endplate of subjacent 
vertebral body (C2), 5) the same position as A1, but 5 mm below the endplate of 
subjacent vertebral body (A2), and 6) the same position as P1, but 5 mm below the 
endplate of subjacent vertebral body (P2).  The horizontal (x) and vertical (z) distances of 
each rotational point in the grid relative to the Spine Robot’s tool tip coordinate frame 
were recorded.  The point coordinate data were programmed into the Spine Robot to 
establish the new rotational axes of each segment (Figure 3.3).  Within the lumbar spine, 
some researchers place the center of rotation in the center of the disc,55 while others show 
the location more posteriorly.50;52;55;57;58  No consensus among researchers exists to where 
it lies during normal motion.  By creating a grid of rotational points, this approach 
provided an indirect look at a variable center of rotation for each MSU.  
Measurements and Data Management 
An explanation of the conventions used in the test measurements is found in 
Figure 3.4.  A positive rotation represents flexion, while a negative value represents 
extension.  The axial and shear force components were recorded by the spine robot as a 
net force value acting on the MSU.  For the axial force component, a positive value 
indicates a net tension and a negative value signifies a net compression.  A positive shear 
force represents net posterior shear acting on the MSU and a negative shear force 
represents net anterior shear across the MSU.  The amount of translation of the cranial 
vertebral body along the plane of the disc was also recorded.  The mean values of the 
shear and axial forces, bending moments, and segmental rotations were statistically 
analyzed with SigmaStat (Systat Software, Inc).  A ranked two-way repeated measures 
ANOVA and SNK test was used to determine significance (p=0.05). 
Results 
 
The mean values of the range of rotation, axial force, and shear force data for all 
three spine conditions are shown in Figure 3.5. 
Harvested Spine Condition 
For the harvested condition, the range of rotation about the anterior points of 
rotation (points A1 and A2) were significantly less than the central or posterior points 
(p<0.001).  When comparing the axial force, a significant change in the type of force seen 
occurred between points of rotation during flexion testing.  The net MSU axial force 
changed from tension to compression as the point of rotation moved from a mid or 
anterior point to a posterior point.  This phenomenon was true for points along both 
planes (i.e., the disc plane and the subjacent body).  As the rotation moved from an 
anterior point to a posterior point in both planes, the shear forces were directed anteriorly 
(negative recorded shear). 
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Figure 3.3:  Potted Specimen in Robot.  The picture to the right shows a potted MSU 
loaded in the Spine Robot.  The figure on the left demonstrates how the transformed tool 
tip of the Spine Robot becomes the rotational axis for each of the grid points. 
 
 
 
 
Figure 3.4:  Description of Measurements.  A positive rotation value (+θy) indicates 
the MSU is in flexion, while a negative rotation value (-θy) indicates extension.  A 
positive axial force (+Fz) indicates a net tissue tension, and a negative value (-Fz) is net 
tissue compression.  A positive shear force (+Fx) indicates a net tissue shear towards the 
posterior structures, and a negative shear (-Fx) is a net tissue shear towards the anterior 
structures. 
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Figure 3.5:  Graphs of Results.  The top graphs show rotation in flexion (left) and 
extension (right).  Note the greater rotation in the nucleotomy spine condition in flexion.  
The center graphs are net axial forces in flexion (left) and extension (right).  There was a 
change from net tissue tension to net tissue extension in flexion as the point of rotation 
moved from anterior to posterior.  The bottom graphs indicate net shear forces in flexion 
(left) and extension (right). 
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In extension testing, rotation increased as the center of rotation moved more 
posteriorly in either plane.  The net axial and shear forces acted in the opposite direction 
from flexion testing.  As the center of rotation changed from an anterior point to a 
posterior point, the axial force became more tensile and the shear force directed towards 
the posterior aspects of the MSU (positive recorded shear). 
Nucleotomy Spine Condition 
The range of rotation in the nucleotomy condition was significantly greater than 
the other two spine conditions in flexion at all points of rotation (p<0.001).  For example, 
the average rotation around the center of the disc (point C1) increased from 5.7°±0.7° to 
8.2°±1.4° after the nucleotomy was performed.  The forces on the spine also significantly 
changed during extension testing.  Both the shear and compressive forces were 
significantly greater for the nucleotomy spine condition compared to the harvested and 
implanted spine conditions at the central and posterior rotational points (C1, C2, P1, P2).  
The most posterior point along the plane of the disc (P1) showed a dramatic increase in 
both the amount of compression (harvested spine condition: -30.3±138.8 N; nucleotomy 
spine condition: -230.0±59.9 N; implanted spine condition: -10.1±108.9 N) and shear 
force (harvested spine condition: -29.1±78.6 N; nucleotomy spine condition: -77.3±42.2 
N; implanted spine condition: -19.8±62.4 N) when compared to the other two conditions. 
Implanted Spine Condition 
Implantation of the hydrated HydraFlexTM device returned upper limits of rotation 
and loading mechanics to an amount similar to the harvested spine condition for all points 
of rotation.  There were no significant differences between the harvested spine condition 
and the implanted spine condition. 
Total Force Analysis 
The combined force vector (resultant of axial and shear force components) is 
shown in Figures 3.6 and 3.7 for the different spine conditions and points of rotation.  
The placement of the magnitude and position of the vectors on an arc instead of the 
center of rotation demonstrates which tissues are responsible for the resultant forces.  For 
example, both the shear and axial components are positive at point A1 in flexion for all 
three spine conditions.  The resultant forces indicate that the posterior tissue is 
responsible for tissue tension and posterior shear.  Comparing point P1 in flexion, both 
the shear and axial force components become negative in all three conditions.  The 
compression of the disc in the anterior portion of the MSU was dominant over posterior 
tensile forces seen at point A1. 
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Figure 3.6:  Flexion Resultant Force Vectors and Angles for Each Point of Rotation.  
The changes in tissue interactions from all three conditions can be garnered from the 
position and angle of the resultant vector. 
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Figure 3.7:  Extension Resultant Force Vectors and Angles for Each Point of 
Rotation.  The changes in tissue interactions from all three conditions can be garnered 
from the position and angle of the resultant vector. 
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Translation along Plane of Disc 
The movement of the cranial vertebral body relative to the caudal body in flexion 
testing was transformed to the axis along the disc plane.  This measurement is 
comparable to what is described as clinical instability.19;61  For the three different spine 
conditions, the mean relative anterior translations calculated along the disc plane are 
presented graphically in Figure 3.8 for all points of rotation.  For the nucleotomy spine 
condition, the segmental translation increased significantly for all points of rotation, 
except P1.  The greatest translation occurred for the nucleotomy spine condition at points 
A2 (2.9 mm) and C2 (3.0 mm). 
Discussion 
 
Few biomechanical studies have been performed on denucleated spines.  Using 
pure bending moments, Heuer et al. found the nucleotomy spine condition to be the most 
unstable condition for both range of motion and vertebral translation.30;31  In a pure 
compression model, Meakin et al. saw a significant change in the manner that the disc 
deformed after a nucleotomy.45  However, the experiments they performed involved 
cutting the vertebral bodies and discs along the sagittal plane and attaching a window to 
monitor the deformations.  As a consequence, they experienced problems with nucleus 
extrusion through the sealing of the viewing window.  Frei et al. reported that the 
nucleotomy condition did not significantly affect functioning of the disc during shear 
loading of a functional spine unit.23  The shear load, however, was applied through the 
center of a horizontally mounted disc and was not combined with any other loading mode 
(i.e., no compression or rotation).  As such, this loading case may have been idealized 
and less physiologically relevant.  In the current study, maintenance of in vivo disc 
alignment and application of rotations about selected anatomical locations resulted in 
more physiologically relevant combined bending, axial, and shear loads.  Denucleating 
the MSU led to a more destabilized condition with greater MSU rotation in flexion and 
greater disc compression in extension.  It also significantly affected the amount of shear 
that the MSU experienced during both flexion and extension. 
 
White and Panjabi developed a checklist of parameters, along with assigned point 
value system, to determine the presence of instability.61  The protocol used in this study 
involved direct measurements without using radiographic measurements.  To apply the 
same definition as used from radiographs, a scaling factor of 25% must be incorporated 
to the original radiograph definition.61  Rescaling the definitions used by Disch et al. and 
by White and Panjabi to their absolute values results in a range of values between 2.2 and 
3.3 mm.19;61  In the current study, rotation around two points (A2 and C2) produced 
translations along the disc axis that exceeded this limit.  While this measurement is only 
one aspect used to characterize clinical instability, it reinforces the idea that the 
nucleotomy spine condition represented an unstable condition. 
 
After implantation of a hydrated HydraFlexTM, variation in the kinematics were 
reduced and the response profile, including the rotation and loads, moved towards the 
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Figure 3.8:  Translation Parallel to Disc Plane.  The direction of the translation of the cranial vertebral body is shown in the figure 
on the left.  The graph on the right shows the significantly greater translation for the nucleotomy condition for all points except P1.  
The * indicates where the definition of clinical instability was met. 
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harvested state for all rotational points tested.  Using finite element analysis, Meakin et 
al.44 predicted that implanting a material within the nucleus could prevent some of the 
changes in disc behavior. 
 
While evaluating NA implants using MSUs can effectively replicate passive 
spinal movements, they cannot truly replicate physiological motions because of the lack 
of muscle involvement.  Further investigation into different grid patterns may also help to 
successfully define centers of rotation to assess the different types of NA devices.  The 
defined movements in this study were limited to the sagittal plane.  Physiological motion 
of the spine involves coupled motions of both translational motion and axial rotation.  All 
NA devices must also be evaluated using coupled motions before their restorative effects 
can be completely defined. 
 
In this study, a spine robot was used to study the effects of changing the location 
of the MSU axis of rotation on the kinematic response of the harvested, nucleotomy, and 
implanted MSU.  Since compliant nucleus replacement technologies do not have a 
prescribed axis of rotation, evaluating the kinematic response at multiple locations of 
rotation may more effectively characterize the restorative effect of these technologies 
compared to more traditional test methods.  As new technologies evolve, the methods 
utilized to analyze their biomechanical performance must also evolve.  Significant 
differences observed between the different center of rotations and spine conditions used 
in this study in terms of the range of rotation, compression, and shear response of the 
tissues indicated that the methodology used herein was of sufficient sensitivity to 
delineate between different nucleus conditions.   
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CHAPTER 4:  COMPARISON OF COMPLIANT AND NON-COMPLIANT 
NUCLEUS ARTHROPLASTY DEVICES 
Introduction 
 
Nucleus arthroplasty (NA) technologies are currently being developed as an 
alternative procedure to fusion surgery for treatment of degenerative disc disease (DDD).  
While most patients benefit from conservative treatments including physical therapy and 
pain medication, some patients’ conditions are degraded enough to warrant surgical 
intervention.  Fusion surgery remains the gold standard for surgical treatment for DDD, 
however total disc replacement and NA technologies are being increasingly researched 
and trialed as alternative treatments.  In mild and early DDD cases, NA may have some 
advantage since native tissue is retained and further degenerative changes to native 
tissues may be potentially delayed. 
 
Several authors have reviewed the current technology for nucleus 
replacement.5;6;9;18;29;60  Most articles focus on the different materials being researched 
and the different types of implants.  But a universal classification of the various types of 
nucleus replacement devices does not exist within the reviews.  Davis et al. classify NA 
devices several different ways in their Nucleus Arthroplasty Technology series.  The 
most common classification used is hydrogels, polymers/synthetics, and mechanical 
devices.1;3;4  In Volume II, the classifications have changed slightly to mechanical, 
polymer, and tissue engineered devices.2  The polymer devices are further divided into 
preformed and in situ formed.  Preformed and in situ formed can also be used classify all 
NA devices.3;4  Bertagnoli, et al. used the following classifications: constrained and/or 
predefined geometry, unconstrained devices, and injectable devices.9  However, this 
classification does not differentiate between compliant and non-compliant devices.  
Perhaps a better classification is as follows: void fillers (injectable), kinematically 
constrained mechanical devices (non-compliant), and load sharing devices (compliant).  
This classification describes the type of device and its main biomechanical function.  
Each of these materials, regardless of the classification, has material and mechanical 
properties that add to, or detract from, the ability to restore the native spine movements.  
In vitro testing protocols that can assess and quantify these properties in a physiologically 
relevant manner are essential to the development and approval of any device. 
  
The objective of this study was to use a fixed center of rotation (COR) kinematics 
based protocol to compare the biomechanical properties of non-compliant and compliant 
nucleus arthroplasty devices in a human cadaveric lumbar spine model.  This testing 
protocol enables simulation of different centers of rotation on the same motion segment 
unit (MSU) and comparison of the MSU mechanics between different spine conditions. 
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Materials and Methods 
Testing Apparatus 
A custom built, multi-axis programmable robot35 that attains complete kinematic 
control of the MSU was used instead of conventional biomechanical testing 
systems.10;22;24    The system combines two translational and two rotational axes with two 
six axis load cells (JR3 Inc., Woodland, CA) into a universally programmable spine 
testing system.  The robotic controller (Adept Technologies, Livermore, CA) is user 
programmable and completely controls sagittal plane movements.  Because each axis of 
the spine robot can be programmed under displacement control, load control, or a 
combination, it is better suited to study the differences between compliant and non-
compliant devices. 
Tissue Preparation 
Six fresh cadaveric lumbar spines with an average age 30.3±14.8 years were 
acquired from the Medical Education and Research Institute (Memphis, TN).  None of 
the causes of death were due to injury or disease of the spine.  Radiographic images of 
the specimens were taken using a fluoroscopic C-arm (GE 9600 or 9800, GE Healthcare, 
Chalfont St. Giles, United Kingdom).  Each image was examined by a spine surgeon to 
evaluate specimen condition.  The specimens were frozen immediately after harvest and 
thawed 24 hours before disarticulation into six x L3-L4 and one x L5-S lumbar spinal 
MSUs.  During dissections, the tissue was again visually inspected for quality, with 
special attention given to the discs of interest.  Each MSU included two vertebral bodies 
with the intact intervertebral disc, posterior bony structures, connecting ligaments, and as 
much relevant soft tissue as could be maintained.  The bony end surfaces of the vertebral 
bodies were cleaned and mounted in either 4-inch cylindrical pots (L3, L4 and L5) or 
custom sacral pots.  Each specimen was fixated into the pots using screws and a low 
melting point bismuth alloy (Small Parts, Miami Lakes, FL), preserving the neutral 
position and original disc angles (measured radiographically using public domain 
software Image J from the National Institute of Health).  Radiographic images were taken 
of potted specimens to verify disc angles (average disc angles with respect to the superior 
endplate of L1: L3-L414°; L5-S136°).  
Surgical Spine Conditions 
The human lumbar MSUs were tested in four surgical conditions.  These 
conditions included the harvested, nucleotomy, compliant implanted, and non-compliant 
implanted spine conditions. The harvested spine condition served as a baseline 
comparison for the other conditions and had no surgical alterations after the potting 
procedure.  The nucleotomy was performed through a small anterior flap in the annulus.  
The HydraFlexTM Nucleus Arthroplasty SystemTM (Raymedica, Minneapolis, MN) was 
used for the compliant implanted spine condition and implanted through the same annular 
flap.  The device consists of a hydrogel core and an ultra-high molecular weight 
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polyethylene jacket.  It was fully hydrated in a saline solution prior to implantation.  The 
flap was sutured closed after the device was implanted.  After testing, the compliant 
implant was removed and an aluminum replica of the hydrated HydraFlexTM was 
inserted.  The size and shape of the non-compliant, metallic device was comparable to 
that of the hydrated HydraFlexTM implant under a 100N load (Figure 4.1).  Previous 
research noted the differences between the harvested, nucleotomy, and compliant 
implanted spine conditions (see Chapter 3).  The data of this section focuses on 
comparing the non-compliant implant spine condition to the other three conditions. 
Testing Protocol 
There have been few biomechanical studies to date that have evaluated the 
different NA devices.  Few biomechanical testing protocols have the ability to adequately 
characterize the restorative effects of a compliant device.  Protocols which are normally 
used to evaluate fusion devices, including flexibility and stiffness protocols,47 cannot 
effectively describe the kinematics of non-fusion devices.49  Mechanical, or non-
compliant, devices typically have a prescribed axis of rotation, whereas load sharing, or 
compliant, devices do not. The differences in the position of the axis of rotation can have 
a profound effect on how the device and the tissue behave.  The alignment of the 
instantaneous axis of rotation (IAR) of a spinal device with the native spinal segment’s 
IAR is important for optimal performance of motion preservation devices.  Misalignment 
of the device IAR with the native IAR can lead to an overconstrained condition.17   There 
is currently no consensus, however, of where the IAR of the lumbar disc is located during 
flexion/extension movements.50;52;55;57;58  Therefore, to compare all the different types of 
NA devices (void fillers, mechanical, and load sharing), a different testing methodology 
must be used. 
 
As mentioned previously, few biomechanical tests exist that can adequately 
characterize the effects of NA devices.  To see the changes that occur to the native spine 
when a device of any material is introduced, the movements and responses of the native 
spine must first be characterized.  The proposed approach herein was to test using 
different points of rotation to account for the lack of a defined center of rotation.  The 
testing protocol used in this study involved a grid of six points which approximated the 
different regions within the spinal MSU where the IAR has been previously reported to 
be located.50;52;55;57;58  The spinal segments were mounted in the spine robot and tested 
first in flexion and then in extension.  The MSUs were rotated about each of the six 
points of rotation until a target bending moment of 8Nm of flexion or extension was 
reached.  For all test conditions, MSU axial force, anterior-posterior shear force, sagittal 
rotation, and sagittal bending moment were measured. 
Simulation of Different Centers of Rotation 
The grid of testing points12 was determined from the calibrated radiographic 
images of the potted specimens (Figure 4.2).  The spine robot used these points as a 
CORs.  The horizontal (x) and vertical (z) distances from the robot’s wrist axis location  
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Figure 4.1:  Picture of Compliant and Non-Compliant Implants.  As can be seen the 
in photos, the aluminum non-compliant implant is roughly the same shape and height of 
the hydrated, compliant implant. 
 
 
 
A2  C2  P2
A1  C1  P1
Midplane
of Disc
5 mm Below 
Subjacent 
Endplate
 
Figure 4.2:  Rotational Point Grid.  A1, C1, and P1 lie along the midline of the disc.  
A2, C2, and P2 lie along the same orientation, but 5 mm below the endplate. 
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were programmed for each point in the selected grid into the controller.  The COR was 
then transformed by the spine robot to the six programmed points.  The grid consisted of 
three points along the center of the disc at the mid point (C1), half way between the mid-
point and anterior aspect of the disc (A1), and half way between the mid-point and 
posterior aspect of the disc (P1), and three points located in the same anterior-posterior 
location, but 5 mm below the endplate of the subjacent body (A2, C2, and P2). 
Measurements and Data Management 
An explanation of the conventions used in the test measurements is found in 
Figure 4.3.  In rotation, a positive value indicated flexion, while a negative value 
indicated extension.  The force values (axial and shear) are recorded by the robot as a net 
force.  For axial force, a positive value indicates a net tensile force and a negative value 
shows a net compressive force.  A positive value in shear is a net shear force towards the 
posterior elements of the MSU and a negative value is a net shear force towards the 
anterior elements.  The amount of translation of the cranial vertebral body along the plane 
of the disc was also recorded.  The averages and standard deviations between the 
specimens for each testing measurement were compiled and compared using SigmaStat 
(Systat Software, Inc).  A ranked two-way repeated measures ANOVA and SNK test was 
used to determine significance (p=0.05). 
Results 
 
The average values of the range of rotation, axial force, and shear force data for 
all four spine conditions are shown in Figure 4.4.  The following results focus on the 
harvested, compliant implanted, and non-compliant implanted spine conditions.  
Harvested Spine Condition 
For the harvested condition in flexion testing, the range of rotation increased as 
the point of rotation moved from an anterior COR to a posterior COR along the plane of 
the disc.  The net MSU axial force also changed to a more compressive force as the point 
of rotation moved from an anterior COR to a posterior COR along both planes (disc plane 
and subjacent body) during flexion motion.  There were no significant differences 
between the points, however.  The same is true for shear force in flexion.  The shear force 
moved to a more anterior (negative) shear as the COR moved posteriorly.  In extension 
testing, the opposite trends occurred in forces (more tensile force and anterior shear as the 
COR moved posteriorly), but the range of rotation still increased. 
Compliant Implanted Spine Condition 
The following results concentrate on comparing the compliant implanted spine 
condition to the harvested and nucleotomy spine conditions.  The nucleotomy spine 
condition was significantly different from the compliant implanted spine condition in  
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Figure 4.3:  Explanation of Measurements.  A positive rotation value (+θy) indicates 
the MSU is in flexion, while a negative rotation value (-θy) indicates extension.  A 
positive axial force (+Fz) indicates a net tissue tension, and a negative value (-Fz) is net 
tissue compression.  A positive shear force (+Fx) indicates a net tissue shear towards the 
posterior structures, and a negative shear (-Fx) is a net tissue shear towards the anterior 
structures. 
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Figure 4.4:  Graphs of Results, Including Non-Compliant Device. The top graphs 
show rotation in flexion (left) and extension (right).  The center graphs are net axial 
forces in flexion (left) and extension (right).  The bottom graphs indicate net shear forces 
in flexion (left) and extension (right).  Note the increased amount of compression and 
shear in flexion for the non-compliant implant at posterior points. 
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several measurements.  In flexion testing, it caused more rotation around all points of 
rotation (p<0.001).  In extension testing, it increased the amount of compressive and 
shear force at the central and posterior points (C1, C2, P1, P2).  There were no significant 
differences, however, between the harvested spine condition and the compliant implanted 
spine condition in any measurement at any point of rotation. 
Non-Compliant Implanted Spine Condition 
Similar to the compliant implanted spine condition, the non-compliant implanted 
spine condition was significantly different from the nucleotomy spine condition.  When 
compared to the harvested or compliant implanted spine conditions, however, the 
differences were noteworthy.  The non-compliant implanted spine condition had more of 
an effect on the axial forces in flexion than it did for any other measurement.  At points 
P1, P2, and C2, the non-compliant implanted spine condition produced significantly 
greater compressive forces than any other spine condition.  This result was especially 
noticeable at point P2.  The compressive force for the harvested case was -313.0±106.3 
N.  The compressive force for the compliant implanted case was -257.2±91.2 N.  The 
non-compliant implanted spine condition, however, significantly increased the amount of 
compressive force to -425.5±86.0 N.  The anterior shear forces were significantly greater 
for the non-compliant implanted spine condition compared to the other spine conditions 
during flexion testing at point P1.  Harvested shear force at point P1 was -65.4±35.6 N.  
The compliant implanted spine condition decreased slightly, but not significantly, to        
-50.5±28.2 N.  The non-compliant implanted spine condition increased significantly over 
both the harvested and compliant implanted spine conditions to -92.2±40.0 N.  The 
rotations between the non-compliant implanted and the compliant implanted spine 
conditions were not significantly different. 
Total Force Analysis 
The resultant force vectors (combined axial and shear forces) for flexion rotation 
are shown in Figure 4.5.  Even though the resultant force vector acts through the COR, 
the placement on an arc surrounding the COR better illustrates the tissues responsible for 
the combined forces experienced within MSU during motion.  The differences between 
the spine conditions can be clearly determined, especially between the non-compliant 
implanted spine condition and the other spine conditions at central and posterior points of 
rotation.  For example, at points P1 and P2, the magnitude of the force vector is much 
greater than the other spine conditions, indicating that the compressive forces are much 
greater in the anterior portion of the disc.  Figure 4.6 shows the same information, but for 
extension motion. 
Discussion 
 
The results of this study demonstrated few significant differences between the 
compliant and non-compliant implant devices.  The differences that did occur, however, 
tended to involve rotation about central and posterior points.  The most common  
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Figure 4.5:  Flexion Resultant Force Vectors and Magnitudes, Including Non-
Compliant Implant.  The changes in tissue interactions from all three conditions can be 
garnered from the position and angle of the resultant vector. 
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Figure 4.6:  Extension Resultant Force Vectors and Magnitudes, Including Non-
Compliant Implant.  The changes in tissue interactions from all three conditions can be 
garnered from the position and angle of the resultant vector. 
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placement of the COR reported in the literature for the lumbar disc is at a central or 
posterior position.  The most significant of the differences found in this study involved 
the increases in compressive and shear forces at the posterior points of rotation.  It has 
been suggested that mechanical spinal implant devices be designed with a center of 
rotation that is slightly posterior to match the perceived location of the center of 
rotation.20;61  The increases in compressive and shear forces shown in this study for the 
non-compliant device must be taken into account in the design of these devices if a 
posterior center of rotation is chosen.  Such information might also be useful towards 
defining appropriate parameters for bench top mechanical testing protocols and towards 
establishing design attributes of NA devices.   
 
The role the nucleus plays in resisting compressive forces is well documented.  
Within a healthy disc, the nucleus acts to distribute and convert external compressive 
forces to annular tensile forces.  The removal of the nucleus, whether through disc 
degeneration or nucleotomy, changes the ability of the disc to resist and manage 
compressive forces.23  Compliant NA devices are designed to more closely mimic the 
characteristics of the nucleus.  The similarity between the compressive forces of the 
compliant implant spine condition and harvested spine condition may be attributed to this 
feature.  Non-compliant NA implants, on the other hand, are designed to replicate the 
motion of the spine, but not necessarily the material and mechanical properties of the disc 
itself.  The ball-and-socket design often used in total disc replacement clearly defines an 
axis of rotation for the disc.  Previous testing of non-compliant total disc replacement 
technologies demonstrated that non-concentric IAR may lead to an over constrained 
condition,17 resulting in an overloading of adjacent structures and/or inadequate motion 
restoration.  The same results could be expected for non-compliant NA devices. 
 
The effect of shear on the disc and the role the disc plays in resisting shear forces 
has been studied less.  Relative contributions of the disc under posterior shear loading has 
been reported as 74% of the ultimate load.62  When compared to a denucleated disc, the 
shear force within the disc was 40% of the total prior to failure.39  The amount of shear 
force experienced by the disc may be responsible for the expulsion of earlier, compliant 
NA devices.38  Some compliant NA devices may not be constrained within the space left 
after the nucleotomy.  As such, this design may be more susceptible to migration caused 
by shear forces.  Non-compliant implants must be able to resist the increased shear forces 
resulting from constraints imposed by the device itself, as demonstrated in experiments 
with total disc replacement devices.32;33   
 
While the method used in this study effectively demonstrated that changing the 
center of rotation had a significant effect on the motion and loading response of the spinal 
MSU, some limitations do exist and improvements can be made.   The use of MSUs to 
evaluate the devices limits the motions to replicating passive spinal movement due to the 
lack of muscle involvement.  The defined motions are also limited to the sagittal plane.  
What effects the muscles might have on the NA implants and the motions they cause can 
only be garnered currently from clinical evaluations.  Refining the grid pattern used in 
this study may also better predict how the devices will behave in vivo. 
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Several different types of NA devices are currently being developed.  In this 
study, a spine robot was used to examine two types of NA devices and the effects each 
had compared to the harvested kinematic response.  Using multiple centers of rotation 
may more effectively evaluate the differences between the types of NA devices, and how 
each compares to the native tissue response.  It can also be used to design better implants 
by incorporating the knowledge gained from testing different centers of rotation.  The 
data from this study demonstrated that utilizing a robot to change the location of the 
MSU axis of rotation had a significant effect on the motion and loading responses of the 
harvested, denucleated, and various implanted lumbar MSUs. 
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CHAPTER 5:  DISCUSSION 
The alignment grids for all of the specimens are located in Appendix A (Figures 
A.1-A.7).  The tablature data from all four surgical conditions is located in Appendix B 
(Tables B.1-B.8).  Most of the discussion issues for the work done in this thesis have 
been presented in the previous two chapters in the context of the journal articles.  The 
following discussion concentrates on the total fore vectors shown in Figure 5.1.  They 
represent a combination of the findings presented in Figures 3.6, 3.7, 4.5, and 4.6.  As 
mentioned in Chapters 3 and 4, the force vector direction and placement on the arc of 
rotation indicates which tissues were responsible for the resultant force.  In reality, the 
resultant force acts from the center of rotation.  Tables 5.1 and 5.2 give the numerical 
values of the force vector magnitudes and angles. 
 
For all four spine conditions, the tissues involved with the resultant forces for the 
anterior points or rotation (A1 and A2) were similar.  Flexion around A1 involved a net 
tissue tension (positive Fz) and net posterior shear (positive Fx) for all four spine 
conditions.  The resultant force vector indicates that the posterior tissue, specifically the 
tension of the facet capsule tissue and the posterior ligamentous tissue structures, was 
most responsible for this result.  The fact that the angle of the force vector is almost 90° 
indicates that the tensile force is the dominant force.  For extension, the posterior 
structures were again responsible for the resultant force, but in this case, the facets 
compressed against one another, causing a net compression (negative Fz) and anterior 
shear (negative Fx).  Rotation around A2 was different in a couple of aspects.  For 
flexion, the posterior structures were again responsible for the tissue tension.  But in this 
case, they caused an anterior shear.  The magnitudes of the forces were also slightly 
smaller for all the conditions.   
 
Rotation around point C1 showed few differences between the conditions when 
comparing the resultant forces.  Similar to rotation around the anterior points, the 
posterior structures were responsible for the resultant force in both flexion and extension 
testing.  In flexion, the magnitude of the resultant force of the non-compliant implant 
condition was considerably less than the other three conditions.  This phenomenon means 
that even though the tension on the posterior structures was still the dominant force, they 
were countered by the higher compressive forces caused by the implantation of the non-
compliant device.  The resultant moment was reached before any more tension could be 
built.  In extension testing, the magnitude of the resultant force of the nucleotomy 
condition was larger than the other three conditions.  This observation matches the results 
presented in Chapter 3 where the nucleotomy condition had significantly more 
compression in extension.  The same result occurred around for extension rotation about 
point C2.  Flexion around C2, however, indicated that something different is occurring in 
the non-compliant condition.  For the other three spine conditions, the tension in the 
posterior structures was the dominant force.  The placement of the resultant force vector 
on the arc of rotation for the nucleotomy condition, however, indicated that the shear 
forces towards the anterior structures were more dominate than the posterior tensile 
structures.  It also indicated that the compression of the disc overpowered any tension in 
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Figure 5.1:  All Resultant Force Vectors and Angles.  The changes in tissue 
interactions from all four conditions can be garnered from the position and angle of the 
resultant vector. 
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Table 5.1: Magnitudes and Angles of Resultant Forces for Flexion Testing. 
Point of Rotation Fx (N) Fz (N) Theta Magnitude Fx (N) Fz (N) Theta Magnitude
A1 17.82 214.70 85.26 215.44 16.52 189.87 85.03 190.58
A2 -28.00 181.00 -81.21 183.15 -40.00 153.15 -75.36 158.29
C1 7.70 158.10 87.21 158.29 8.22 165.88 87.16 166.08
C2 -78.60 78.50 -44.96 111.09 -81.10 65.50 -38.93 104.24
P1 -65.40 -251.60 75.43 259.96 -27.84 -157.30 79.96 159.75
P2 -141.50 -313.00 65.67 343.50 -130.94 -235.26 60.90 269.25
Point of Rotation Fx (N) Fz (N) Theta Magnitude Fx (N) Fz (N) Theta Magnitude
A1 6.94 202.20 88.03 202.32 20.25 208.40 84.45 209.38
A2 -33.79 158.69 -77.98 162.24 -38.89 162.55 -76.54 167.14
C1 2.55 164.29 89.11 164.31 -3.35 68.65 -87.21 68.73
C2 -78.37 93.77 -50.11 122.21 -107.35 -34.83 17.98 112.86
P1 -50.46 -174.81 73.90 181.94 -92.17 -363.64 75.78 375.14
P2 -142.39 -257.19 61.03 293.98 -164.61 -425.50 68.85 456.23
Nucleotomy
Compliant Non-Compliant
Harvested
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Table 5.2: Magnitudes and Angles of Resultant Forces for Extension Testing. 
Point of Rotation Fx (N) Fz (N) Theta Magnitude Fx (N) Fz (N) Theta Magnitude
A1 -83.80 -263.50 72.36 276.50 -86.70 -256.38 71.32 270.64
A2 -37.20 -220.70 80.43 223.81 -52.90 -243.96 77.76 249.63
C1 -71.00 -210.30 71.34 221.96 -88.36 -282.08 72.61 295.59
C2 -3.50 -154.70 88.70 154.74 -37.58 -244.31 81.26 247.18
P1 -29.10 -30.30 46.16 42.01 -77.30 -229.95 71.42 242.60
P2 56.30 49.80 41.49 75.16 -10.77 -181.66 86.61 181.98
Point of Rotation Fx (N) Fz (N) Theta Magnitude Fx (N) Fz (N) Theta Magnitude
A1 -88.31 -266.33 71.65 280.59 -107.31 -303.72 70.54 322.12
A2 -35.45 -214.05 80.60 216.96 -57.69 -269.77 77.93 275.87
C1 -69.22 -169.70 67.81 183.27 -78.25 -219.65 70.39 233.17
C2 7.08 -116.81 -86.53 117.03 -0.65 -156.23 89.76 156.23
P1 -19.77 10.07 -26.99 22.18 -8.91 -2.58 16.17 9.27
P2 62.29 73.63 49.77 96.44 56.82 55.79 44.48 79.63
Compliant Non-Compliant
Harvested Nucleotomy
 
40 
the posterior structures.  The loss of disc height due to the nucleotomy could account for 
this change in forces. 
 
Observation of the rotations about the posterior points (P1 and P2) yields 
interesting information about the tissues involved.  The magnitude of the resultant force 
for the non-compliant implant condition was greater than the other three conditions at 
both points in flexion.  This again indicated that the compressive force was greater for the 
non-compliant device than for the other conditions as stated in Chapter 4.  Extension 
testing around point P2, however, indicated a dramatic change in tissue interaction.  The 
harvested condition and both device conditions showed a dominance of tension in the 
anterior structures.  The nucleotomy condition, however, showed a strong compressive 
force in the posterior structures.  In this case, the interaction of the facets and the spinous 
processes overpowered the tension forces of the disc.  As before, the loss of disc height 
due to the nucleotomy could explain this shift in forces. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 
The testing methodology used in this research can effectively characterize the lack 
of a defined center of rotation in the lumbar disc during flexion and extension.  When a 
nucleotomy was performed, a more destabilized condition of the MSU was noted.  It was 
illustrated by greater rotation in flexion and greater disc compression in extension.  The 
amount of translation along the disc axis also fell within the definition of clinical 
instability.  When a compliant nucleus arthroplasty device was implanted, the response 
profile returned more towards the harvested condition.  The non-compliant implant 
response profile was also more similar to the harvested condition.  But, the non-
compliant implant showed an increase in the amount of compressive and shear forces 
compared to both the harvested condition and the compliant device.  These increases in 
forces must be considered in the design of the implant itself.  This testing method offers 
new insight into understanding the kinematics response of all types of nucleus 
arthroplasty technologies. 
 
Some limitations do exist in this research.  First as mentioned in previous chapters, 
the lack of muscle involvement in the MSU prevented the true representation of the 
dynamics of the joint.  But, as also mentioned previously, it does represent a passive 
condition, which can be used to establish the kinematics behavior of the joint.  While the 
points on the grid were designed to mimic the lack of a defined center of rotation in the 
disc, they cannot completely reproduce the physiologic motion of the spine.  If a different 
grid of points were used for testing, however, similar trends in the differences between 
the spine conditions would be expected.  When placing different NA devices, the 
placement was only verified visually; no radiographical analysis was performed.  
Therefore, the orientation of the device itself within the disc space may have influenced 
the performance.  Varying the order of surgical procedures would also help confirm the 
differences shown in this study between the spine conditions.  Also, the average age of 
the cadaveric tissue was not that of the target population for nucleus arthroplasty 
technologies.  Finally, as mentioned previously, the motion of the MSU was limited to 
the sagittal plane. 
 
One recommendation for a future study would be to repeat this entire study for the 
cervical spine.  While nucleus replacement technology is currently restricted to the 
lumbar spine, disc degeneration also occurs in the cervical spine.  Investigating the 
influence of the surgical procedures in the cervical spine would be beneficial.  Another 
recommendation involves total disc replacements.  This testing protocol is not limited to 
testing nucleus replacement devices, but can also be applied to total disc replacement 
devices.  Some of the total disc replacement technologies incorporate non-compliant and 
compliant elements in their designs.  Using the grid technique when testing these 
different designs could aid in the matching of the axes of rotation, and help designers 
manufacture a better implant. 
 
While further studies are needed to completely understand the spinal nucleus and 
nucleus replacement technology, the method used in this study is one step in the process 
of designing an evaluating an implant for early disc degeneration treatment. 
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APPENDIX A: SPECIMEN ALIGNMENT GRIDS 
 
Figure A.1:  Grid for Specimen 0105416 L3-L4. 
 
 
 
Figure A.2: Grid for Specimen ADS0612051 L3-L4. 
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Figure A.3: Grid for Specimen DRT050786 L3-L4. 
 
 
 
Figure A.4: Grid for Specimen DRT060069 L3-L4. 
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Figure A.5: Grid for Specimen UF01A030 L3-L4. 
 
 
 
Figure A.6:  Grid for Specimen UJ00D35 L3-L4. 
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Figure A.7:  Grid for Specimen ADS0612051 L5-S1. 
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APPENDIX B: TABULATURE DATA 
Table B.1:  Harvested Spine Condition Flexion Data. 
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 12.6 20.6 245.5 -1.9 -7.5 0.9 24.4 -38.2 3.3 0.0 0105416 L3 -L4 -12.1 20.2 231.5 -2.1 -7.4 0.7 20.3 -48.9 3.5 0.0
UJ00D35 L3-L4 44.9 -21.1 204.9 -0.2 -7.6 -0.6 28.7 -63.2 4.1 0.0 UJ00D35 L3-L4 -20.9 -20.6 145.2 0.5 -7.7 -0.5 23.3 -85.9 4.1 0.0
ADS0612051 L5-S1 18.7 1.4 123.1 0.0 -7.8 0.1 -5.3 -43.6 4.7 0.0 ADS0612051 L5-S1 -54.7 0.9 68.3 0.5 -8.0 -0.3 -16.4 -49.3 5.8 0.0
ADS0612051 L3-L4 22.8 3.7 202.9 1.0 -7.6 0.1 -24.7 -68.5 3.9 0.0 ADS0612051 L3-L4 -10.2 -6.2 185.5 1.1 -7.5 -0.1 -25.7 -78.4 3.8 0.0
DRT060069 L3-L4 44.4 1.7 217.1 0.1 -7.7 0.0 -25.2 -73.6 3.5 0.0 DRT060069 L3-L4 -15.4 -4.0 207.4 0.3 -7.7 -0.1 -26.0 -83.1 3.6 0.0
DRT050786 L3-L4 -3.1 -2.9 249.4 0.9 -7.7 0.0 13.4 -41.0 4.0 0.0 DRT050786 L3-L4 -41.4 -5.0 204.1 0.8 -7.8 0.1 12.9 -50.0 3.6 0.0
UF01A030 L3-L4 -15.6 -44.3 259.8 -0.2 -7.6 -0.9 -34.8 -76.9 3.8 0.0 UF01A030 L3-L4 -41.4 -42.9 224.9 0.5 -7.7 -0.9 -35.6 -88.4 3.4 0.0
Mean 17.8 -5.8 214.7 0.0 -7.6 -0.1 -3.4 -57.9 3.9 0.0 Mean -28.0 -8.2 181.0 0.2 -7.7 -0.2 -6.7 -69.2 4.0 0.0
Standard Deviation 22.5 20.9 46.2 1.0 0.1 0.6 25.8 16.4 0.4 0.0 Standard Deviation 17.6 19.5 57.3 1.1 0.2 0.5 24.8 18.7 0.8 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 0105416 L3 -L4 -40.6 21.3 199.9 -2.0 -7.6 0.9 11.2 -46.4 4.9 0.0
UJ00D35 L3-L4 9.0 -35.5 143.5 0.4 -7.9 -0.6 18.1 -68.0 5.5 0.0 UJ00D35 L3-L4 -91.5 -28.8 1.8 1.6 -7.8 0.2 13.4 -82.2 5.3 0.0
ADS0612051 L5-S1 26.8 1.4 159.4 -0.1 -8.0 0.3 6.4 -48.5 6.9 0.0 ADS0612051 L5-S1 -100.2 2.4 -19.0 1.0 -8.0 -0.8 -20.0 -44.2 6.9 0.0
ADS0612051 L3-L4 25.2 -33.6 156.9 1.0 -7.7 -0.7 -35.2 -65.4 5.4 0.0 ADS0612051 L3-L4 -58.7 -31.0 86.5 1.7 -7.7 -0.5 -36.1 -76.0 5.5 0.0
DRT060069 L3-L4 62.2 -0.3 214.3 0.1 -7.8 0.0 -34.1 -72.0 5.1 0.0 DRT060069 L3-L4 -48.3 -6.2 139.5 0.3 -7.9 -0.1 -35.7 -81.6 5.5 0.0
DRT050786 L3-L4 -37.3 -2.7 68.8 0.7 -8.0 -0.2 5.9 -38.3 5.1 0.0 DRT050786 L3-L4 -110.9 -2.1 10.5 0.7 -8.0 0.1 4.6 -47.5 4.6 0.0
UF01A030 L3-L4 -39.9 -47.1 205.7 0.8 -7.9 -0.5 -45.1 -74.7 6.1 0.0 UF01A030 L3-L4 -100.2 -45.5 130.2 1.5 -7.8 -0.4 -45.7 -85.6 5.5 0.0
Mean 7.7 -19.6 158.1 0.5 -7.9 -0.3 -14.0 -61.2 5.7 0.0 Mean -78.6 -12.9 78.5 0.7 -7.8 -0.1 -15.5 -66.2 5.5 0.0
Standard Deviation 39.8 21.5 52.2 0.4 0.1 0.4 27.1 14.5 0.7 0.0 Standard Deviation 28.6 23.1 82.9 1.3 0.1 0.6 24.9 19.1 0.7 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -22.4 20.4 -148.7 -0.9 -7.8 1.6 6.0 -33.2 6.2 0.0 0105416 L3 -L4 -111.6 22.3 -241.4 -0.8 -7.8 1.6 3.8 -43.8 5.4 0.0
UJ00D35 L3-L4 -57.0 -44.2 -214.2 1.4 -7.8 0.7 8.8 -64.0 5.9 0.0 UJ00D35 L3-L4 -127.2 -39.8 -308.2 1.2 -7.7 1.7 3.5 -75.8 4.7 0.0
ADS0612051 L5-S1 -93.2 -5.2 -33.9 0.6 -8.0 -0.2 -18.9 -32.8 8.8 0.0 ADS0612051 L5-S1 -201.6 -2.0 -276.5 1.9 -7.5 -2.1 -27.6 -39.5 6.2 0.0
ADS0612051 L3-L4 -26.8 -102.0 -140.0 0.6 -7.9 -0.3 -45.4 -63.1 5.8 0.0 ADS0612051 L3-L4 -85.5 -91.5 -176.6 1.6 -7.8 -0.3 -45.1 -72.5 5.5 0.0
DRT060069 L3-L4 -53.4 1.0 -453.5 0.0 -7.9 0.0 -43.0 -70.9 4.6 0.0 DRT060069 L3-L4 -145.9 -1.2 -513.9 0.0 -7.7 0.0 -44.5 -80.6 3.5 0.0
DRT050786 L3-L4 -118.8 12.8 -403.6 0.0 -8.1 -0.4 -2.4 -35.7 4.4 0.0 DRT050786 L3-L4 -171.7 8.6 -361.7 0.1 -8.1 -0.2 -3.4 -44.7 3.9 0.0
UF01A030 L3-L4 -86.5 -63.0 -367.1 1.8 -7.8 0.3 -54.7 -72.9 5.9 0.0 UF01A030 L3-L4 -146.9 -63.5 -312.9 2.6 -7.6 0.0 -55.2 -83.4 5.2 0.0
Mean -65.4 -25.7 -251.6 0.5 -7.9 0.2 -21.4 -53.2 6.0 0.0 Mean -141.5 -23.9 -313.0 0.9 -7.8 0.1 -24.1 -62.9 4.9 0.0
Standard Deviation 35.6 45.3 157.6 0.9 0.1 0.7 26.4 18.4 1.5 0.0 Standard Deviation 38.3 42.0 106.3 1.2 0.2 1.3 25.2 19.3 0.9 0.0
Points along Disc Midline Points in Subjacent Body
A1 A2
C1 C2
P1 P2
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Table B.2:  Harvested Spine Condition Extension Data. 
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -56.7 5.8 -270.5 0.3 7.8 1.7 24.6 -38.0 -1.9 180.0 0105416 L3 -L4 -26.5 6.3 -243.5 0.2 7.9 1.5 20.3 -48.9 -2.1 180.0
UJ00D35 L3-L4 -118.9 -28.9 -276.6 -2.6 7.7 -0.6 29.0 -63.3 -1.8 180.0 UJ00D35 L3-L4 -74.2 -22.8 -280.7 -2.8 7.6 -0.6 23.4 -86.0 -2.4 180.0
ADS0612051 L5-S1 -170.5 -14.7 -232.9 0.3 8.0 -0.1 -4.9 -43.6 -2.5 180.0 ADS0612051 L5-S1 -103.7 1.7 -148.2 0.1 8.0 0.9 -16.5 -49.4 -4.5 180.0
ADS0612051 L3-L4 -16.9 -89.9 -183.3 0.9 7.9 -1.5 -24.4 -68.6 -2.5 180.0 ADS0612051 L3-L4 -10.7 -86.5 -166.3 1.8 7.7 -1.4 -25.8 -78.5 -2.6 180.0
DRT060069 L3-L4 -117.7 -2.8 -371.8 -0.5 8.1 0.0 -24.9 -73.5 -1.5 180.0 DRT060069 L3-L4 -61.9 -2.0 -339.2 -0.6 8.1 0.0 -26.1 -83.1 -1.7 180.0
DRT050786 L3-L4 -51.7 2.7 -255.7 -0.3 7.5 -2.9 13.7 -40.9 -2.9 180.0 DRT050786 L3-L4 9.5 4.1 -170.0 -0.4 7.6 -2.7 12.8 -49.8 -2.8 180.0
UF01A030 L3-L4 -54.1 -59.1 -253.6 1.6 7.8 -1.2 -34.5 -76.9 -2.1 180.0 UF01A030 L3-L4 6.8 -49.2 -197.1 2.0 7.7 -0.7 -35.7 -88.4 -2.0 180.0
Mean -83.8 -26.7 -263.5 0.0 7.8 -0.7 -3.0 -57.8 -2.2 180.0 Mean -37.2 -21.2 -220.7 0.0 7.8 -0.4 -6.8 -69.2 -2.6 180.0
Standard Deviation 53.3 35.8 57.0 1.3 0.2 1.4 25.8 16.5 0.5 0.0 Standard Deviation 43.5 35.0 70.1 1.6 0.2 1.4 24.8 18.7 0.9 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -32.8 10.3 -205.0 0.4 7.8 1.6 13.6 -37.5 -3.3 180.0 0105416 L3 -L4 26.8 9.9 -178.0 0.1 7.9 1.5 11.0 -46.4 -3.4 180.0
UJ00D35 L3-L4 -122.5 -20.7 -316.1 -3.2 7.3 -0.4 18.6 -68.0 -3.3 180.0 UJ00D35 L3-L4 -53.0 -10.3 -235.2 -2.8 7.5 -0.2 13.3 -82.5 -3.7 180.0
ADS0612051 L5-S1 -201.0 -21.3 -246.9 -0.4 8.0 0.6 -11.9 -38.7 -3.8 180.0 ADS0612051 L5-S1 -80.1 5.8 -103.5 -0.2 8.0 0.9 -19.9 -44.4 -5.3 180.0
ADS0612051 L3-L4 1.5 -66.0 -121.7 0.8 8.0 -0.3 -34.7 -65.4 -3.3 180.0 ADS0612051 L3-L4 19.1 -59.1 -109.3 1.4 7.9 -0.2 -36.1 -76.1 -3.2 180.0
DRT060069 L3-L4 -109.7 -1.9 -398.8 -0.9 7.7 0.0 -33.7 -71.9 -3.0 180.0 DRT060069 L3-L4 -21.9 -2.3 -271.7 -1.0 8.0 0.0 -35.6 -81.5 -3.1 180.0
DRT050786 L3-L4 -3.2 -5.4 -79.9 -0.4 7.4 -3.0 6.2 -38.2 -3.6 180.0 DRT050786 L3-L4 54.9 5.6 -63.9 -0.3 7.6 -2.6 4.6 -47.4 -3.5 180.0
UF01A030 L3-L4 -29.4 -61.1 -103.4 1.3 7.9 -0.5 -44.6 -74.8 -2.9 180.0 UF01A030 L3-L4 29.7 -49.2 -121.1 2.0 7.8 0.1 -45.6 -85.6 -2.8 180.0
Mean -71.0 -23.7 -210.3 -0.3 7.8 -0.3 -12.3 -56.4 -3.3 180.0 Mean -3.5 -14.2 -154.7 -0.1 7.8 -0.1 -15.5 -66.3 -3.6 180.0
Standard Deviation 75.4 29.4 118.6 1.4 0.3 1.4 25.7 17.3 0.3 0.0 Standard Deviation 49.3 28.2 76.1 1.6 0.2 1.3 24.8 19.1 0.8 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -15.5 12.8 -32.1 -0.1 7.9 1.4 6.3 -33.1 -4.0 180.0 0105416 L3 -L4 54.0 15.2 10.0 -0.5 7.9 1.2 3.4 -44.0 -3.9 180.0
UJ00D35 L3-L4 -105.0 -12.4 -224.6 -2.5 7.6 -0.2 9.0 -64.3 -4.8 180.0 UJ00D35 L3-L4 30.4 -4.2 -28.1 -1.0 8.0 -0.1 3.2 -76.1 -5.4 180.0
ADS0612051 L5-S1 -160.5 -18.7 -173.8 -0.8 7.9 1.3 -18.4 -33.0 -5.2 180.0 ADS0612051 L5-S1 -5.9 9.4 -5.3 -0.3 7.9 0.8 -28.0 -39.7 -6.2 180.0
ADS0612051 L3-L4 37.5 -35.0 62.1 0.7 8.0 0.8 -45.2 -63.3 -3.4 180.0 ADS0612051 L3-L4 57.4 -28.1 109.4 0.9 8.0 0.6 -45.5 -72.6 -3.2 180.0
DRT060069 L3-L4 -31.7 -3.7 -83.9 -1.2 8.0 0.0 -42.7 -70.9 -4.1 180.0 DRT060069 L3-L4 75.8 0.7 19.0 -1.2 7.9 -0.1 -44.5 -80.6 -3.9 180.0
DRT050786 L3-L4 58.0 -7.9 137.1 -0.3 7.7 -2.1 -2.4 -35.8 -3.8 180.0 DRT050786 L3-L4 103.1 -0.4 135.8 -0.2 7.7 -2.2 -3.8 -44.8 -3.5 180.0
UF01A030 L3-L4 13.4 -58.7 103.0 1.0 7.9 0.4 -54.6 -73.1 -3.0 180.0 UF01A030 L3-L4 79.5 -50.3 108.0 1.5 7.9 0.8 -55.5 -83.7 -2.9 180.0
Mean -29.1 -17.6 -30.3 -0.4 7.9 0.2 -21.1 -53.4 -4.0 180.0 Mean 56.3 -8.3 49.8 -0.1 7.9 0.1 -24.4 -63.1 -4.1 180.0
Standard Deviation 78.6 23.2 138.8 1.2 0.1 1.2 26.4 18.5 0.8 0.0 Standard Deviation 35.7 23.0 65.8 1.0 0.1 1.1 25.2 19.3 1.2 0.0
Points along Disc Midline Points in Subjacent Body
A1 A2
C1 C2
P1 P2
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Table B.3:  Nucleotomy Spine Condition Flexion Data. 
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -26.1 23.3 216.6 -1.8 -7.7 0.5 24.1 -39.0 4.9 0.0 0105416 L3 -L4 -46.5 24.1 192.5 -1.9 -7.7 0.6 20.0 -49.9 4.9 0.0
UJ00D35 L3-L4 71.7 -26.1 182.2 -0.4 -7.6 -0.8 28.8 -63.6 5.0 0.0 UJ00D35 L3-L4 -36.8 -25.1 123.8 0.8 -7.7 -0.4 23.4 -86.5 5.3 0.0
ADS0612051 L5-S1 2.0 1.7 118.5 0.1 -7.9 0.0 13.6 -54.5 7.5 0.0 ADS0612051 L5-S1 -59.6 3.0 62.1 0.6 -7.9 -1.0 2.3 -60.3 8.8 0.0
ADS0612051 L3-L4 9.4 -73.5 153.2 0.3 -6.8 -3.8 -28.2 -71.6 6.4 0.0 ADS0612051 L3-L4 -27.5 -81.1 131.8 1.2 -6.4 -4.3 -29.1 -81.5 6.3 0.0
DRT060069 L3-L4 55.8 4.2 211.0 0.3 -7.6 0.1 -25.3 -74.8 5.7 0.0 DRT060069 L3-L4 -28.8 -1.4 196.1 0.4 -7.7 0.0 -26.2 -84.4 6.0 0.0
DRT050786 L3-L4 -8.2 -33.0 218.2 0.8 -7.8 -0.4 19.5 -42.3 7.8 0.0 DRT050786 L3-L4 -29.0 -23.4 180.6 1.1 -7.8 -0.2 18.9 -51.9 8.4 0.0
UF01A030 L3-L4 10.9 -20.9 229.3 1.5 -7.6 -0.4 -35.9 -77.3 4.9 0.0 UF01A030 L3-L4 -51.8 -20.8 185.2 1.8 -7.5 -0.3 -36.7 -89.0 4.8 0.0
Mean 16.5 -17.8 189.9 0.1 -7.6 -0.7 -0.5 -60.4 6.1 0.0 Mean -40.0 -17.8 153.2 0.6 -7.5 -0.8 -3.9 -71.9 6.3 0.0
Standard Deviation 34.9 31.5 40.9 1.0 0.4 1.4 28.0 15.5 1.2 0.0 Standard Deviation 12.7 33.1 49.6 1.2 0.5 1.6 26.1 17.2 1.6 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -65.2 25.7 234.6 -1.5 -7.9 0.7 12.8 -38.4 7.2 0.0 0105416 L3 -L4 -89.0 24.8 182.8 -1.5 -7.9 0.6 10.9 -47.4 6.6 0.0
UJ00D35 L3-L4 32.6 -35.8 53.7 1.5 -7.6 -0.5 18.2 -68.3 6.5 0.0 UJ00D35 L3-L4 -112.7 -30.6 -95.2 3.0 -7.4 -0.1 13.5 -82.9 6.3 0.0
ADS0612051 L5-S1 8.8 2.8 147.9 0.4 -8.0 0.1 6.1 -49.4 9.8 0.0 ADS0612051 L5-S1 -85.4 3.2 27.3 1.6 -7.8 -1.2 -1.3 -55.2 10.3 0.0
ADS0612051 L3-L4 33.9 -79.1 180.2 0.1 -7.4 -2.9 -38.6 -68.5 9.3 0.0 ADS0612051 L3-L4 -59.2 -89.6 148.6 1.3 -7.0 -3.6 -39.5 -79.1 9.0 0.0
DRT060069 L3-L4 75.9 5.2 250.2 0.4 -7.9 0.1 -34.3 -73.2 7.9 0.0 DRT060069 L3-L4 -50.7 -3.1 222.9 0.5 -7.9 -0.1 -35.9 -82.8 8.5 0.0
DRT050786 L3-L4 -33.1 -28.1 94.8 1.4 -7.9 -0.5 11.9 -39.5 9.6 0.0 DRT050786 L3-L4 -68.4 16.8 -137.4 2.4 -7.7 -0.4 10.6 -49.4 9.7 0.0
UF01A030 L3-L4 4.7 -20.2 199.7 3.1 -7.3 -0.2 -46.1 -75.2 7.0 0.0 UF01A030 L3-L4 -102.3 -19.0 109.5 3.4 -7.3 -0.3 -46.7 -86.2 6.7 0.0
Mean 8.2 -18.5 165.9 0.8 -7.7 -0.5 -10.0 -58.9 8.2 0.0 Mean -81.1 -13.9 65.5 1.5 -7.6 -0.7 -12.6 -69.0 8.2 0.0
Standard Deviation 46.4 34.2 72.1 1.4 0.3 1.2 28.2 16.0 1.4 0.0 Standard Deviation 22.7 38.5 138.9 1.7 0.4 1.4 26.9 17.4 1.6 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -65.8 28.9 85.9 0.2 -8.1 0.3 5.7 -34.0 9.3 0.0 0105416 L3 -L4 -145.7 31.4 -22.2 0.5 -8.0 0.1 3.5 -44.8 8.0 0.0
UJ00D35 L3-L4 -17.4 -26.0 -250.1 3.9 -7.0 0.3 8.9 -64.5 6.0 0.0 UJ00D35 L3-L4 -115.0 -23.7 -296.0 4.1 -6.9 0.2 3.6 -76.5 4.4 0.0
ADS0612051 L5-S1 -28.1 9.2 40.8 2.4 -7.7 0.0 -0.1 -43.7 12.3 0.0 ADS0612051 L5-S1 -162.6 18.3 -264.2 6.2 -4.9 -1.6 -9.0 -50.5 8.4 0.0
ADS0612051 L3-L4 -15.0 -106.1 -326.1 5.9 -5.3 -1.3 -48.8 -66.2 8.1 0.0 ADS0612051 L3-L4 -124.1 -97.1 -293.2 6.1 -4.9 -1.7 -48.5 -75.5 7.4 0.0
DRT060069 L3-L4 22.6 -1.3 -110.7 0.9 -8.0 0.0 -43.0 -72.1 8.5 0.0 DRT060069 L3-L4 -127.3 -8.8 -189.7 1.5 -7.9 0.0 -44.4 -81.8 7.8 0.0
DRT050786 L3-L4 -50.9 26.0 -349.5 2.9 -7.4 -1.1 3.6 -37.1 7.9 0.0 DRT050786 L3-L4 -121.0 20.6 -380.6 2.8 -7.4 -1.7 2.6 -46.7 6.1 0.0
UF01A030 L3-L4 -40.2 -22.3 -191.4 6.7 -4.4 -0.4 -55.8 -73.4 7.0 0.0 UF01A030 L3-L4 -121.0 -27.0 -201.0 6.4 -4.8 -0.7 -56.2 -84.1 5.9 0.0
Mean -27.8 -13.1 -157.3 3.3 -6.8 -0.3 -18.5 -55.9 8.4 0.0 Mean -130.9 -12.3 -235.3 3.9 -6.4 -0.8 -21.2 -65.7 6.9 0.0
Standard Deviation 28.7 46.2 171.2 2.4 1.4 0.6 29.1 17.0 2.0 0.0 Standard Deviation 17.0 43.7 113.8 2.4 1.5 0.9 27.3 17.5 1.4 0.0
Points along Disc Midline Points in Subjacent Body
A1 A2
C1 C2
P1 P2
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Table B.4:  Nucleotomy Spine Condition Extension Data. 
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -70.6 13.6 -269.5 1.0 8.0 0.6 24.4 -39.1 -1.5 180.0 0105416 L3 -L4 -46.7 14.4 -288.5 0.8 8.1 0.6 20.1 -50.0 -1.8 180.0
UJ00D35 L3-L4 -92.6 -15.4 -247.8 -1.4 7.9 -0.3 29.1 -63.9 -1.7 180.0 UJ00D35 L3-L4 -55.7 -7.4 -244.5 -1.7 8.0 0.0 23.5 -86.6 -2.1 180.0
ADS0612051 L5-S1 -154.6 17.2 -213.5 2.4 7.2 2.9 13.8 -54.6 -2.3 180.0 ADS0612051 L5-S1 -115.6 20.6 -169.8 2.3 7.4 2.3 2.2 -60.4 -3.6 180.0
ADS0612051 L3-L4 -69.3 -74.0 -252.1 2.1 7.6 -2.2 -27.9 -71.5 -1.4 180.0 ADS0612051 L3-L4 -26.4 -76.6 -227.7 2.8 7.2 -2.2 -29.3 -81.5 -1.4 180.0
DRT060069 L3-L4 -95.1 -10.3 -329.7 -0.1 8.0 -0.2 -25.0 -74.9 -1.5 180.0 DRT060069 L3-L4 -51.4 -8.0 -323.4 0.0 8.0 -0.1 -26.3 -84.5 -1.6 180.0
DRT050786 L3-L4 -58.4 -6.3 -210.7 0.4 8.0 -0.7 19.8 -42.9 -1.9 180.0 DRT050786 L3-L4 -43.9 -6.8 -192.8 0.4 8.0 -0.6 18.8 -51.9 -2.0 180.0
UF01A030 L3-L4 -66.2 -17.4 -271.4 2.8 7.5 -0.3 -35.5 -77.5 -1.9 180.0 UF01A030 L3-L4 -30.7 -13.6 -260.9 2.4 7.8 -0.2 -36.8 -89.1 -1.9 180.0
Mean -86.7 -13.2 -256.4 1.0 7.8 0.0 -0.2 -60.6 -1.7 180.0 Mean -52.9 -11.1 -244.0 1.0 7.8 0.0 -4.0 -72.0 -2.1 180.0
Standard Deviation 32.9 30.1 40.4 1.5 0.3 1.5 27.9 15.4 0.3 0.0 Standard Deviation 29.6 31.6 53.2 1.6 0.4 1.3 26.1 17.2 0.7 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -99.3 14.4 -298.2 0.8 8.0 0.5 13.4 -38.4 -3.0 180.0 0105416 L3 -L4 -37.5 14.6 -325.1 0.6 8.0 0.6 10.8 -47.5 -3.0 180.0
UJ00D35 L3-L4 -97.0 -9.2 -298.7 -1.8 7.9 -0.1 18.7 -68.5 -2.9 180.0 UJ00D35 L3-L4 -42.1 -4.1 -231.3 -1.6 7.9 0.0 13.4 -83.1 -3.0 180.0
ADS0612051 L5-S1 -150.8 16.8 -199.5 2.1 7.3 2.5 6.8 -49.5 -3.7 180.0 ADS0612051 L5-S1 -80.9 20.2 -123.8 2.3 7.7 1.3 -1.3 -55.4 -4.5 180.0
ADS0612051 L3-L4 -54.2 -72.0 -296.0 2.1 7.8 -1.4 -38.2 -68.4 -2.1 180.0 ADS0612051 L3-L4 -15.5 -73.4 -228.1 2.4 7.6 -1.3 -39.5 -79.1 -2.0 180.0
DRT060069 L3-L4 -91.0 -12.9 -386.8 -0.2 8.1 -0.2 -33.9 -73.3 -2.6 180.0 DRT060069 L3-L4 -44.3 -10.5 -331.7 -0.1 8.1 -0.1 -35.8 -82.9 -2.4 180.0
DRT050786 L3-L4 -47.2 -6.2 -214.7 0.2 8.1 -0.5 12.3 -40.2 -2.5 180.0 DRT050786 L3-L4 -36.7 -6.8 -198.2 0.2 8.0 -0.5 10.6 -49.5 -2.7 180.0
UF01A030 L3-L4 -79.1 -12.6 -280.5 1.9 7.9 0.0 -45.6 -75.4 -3.1 180.0 UF01A030 L3-L4 -5.9 -7.2 -272.0 1.6 7.9 0.0 -46.7 -86.3 -3.1 180.0
Mean -88.4 -11.7 -282.1 0.7 7.9 0.1 -9.5 -59.1 -2.8 180.0 Mean -37.6 -9.6 -244.3 0.8 7.9 0.0 -12.6 -69.1 -3.0 180.0
Standard Deviation 34.3 29.4 62.0 1.4 0.3 1.2 28.2 15.9 0.5 0.0 Standard Deviation 23.9 30.5 73.1 1.5 0.2 0.8 26.8 17.4 0.8 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -101.5 11.9 -246.0 0.6 8.1 0.3 6.0 -34.1 -3.9 180.0 0105416 L3 -L4 -2.8 14.9 -185.0 -0.1 8.0 0.6 3.2 -45.1 -4.1 180.0
UJ00D35 L3-L4 -95.9 -6.1 -252.7 -1.2 8.0 0.0 9.0 -64.9 -4.1 180.0 UJ00D35 L3-L4 23.4 -3.4 -81.3 -0.3 8.1 0.1 3.3 -76.7 -4.8 180.0
ADS0612051 L5-S1 -154.5 14.9 -185.3 1.5 7.8 1.0 0.3 -43.9 -4.8 180.0 ADS0612051 L5-S1 -158.0 15.5 -217.5 2.5 7.0 3.1 9.2 -50.6 -3.0 -180.0
ADS0612051 L3-L4 -38.2 -72.5 -260.0 1.6 7.9 -0.7 -48.7 -66.3 -3.0 180.0 ADS0612051 L3-L4 14.3 -71.1 -240.5 2.2 7.8 -0.7 -48.9 -75.7 -2.9 180.0
DRT060069 L3-L4 -57.4 -9.4 -321.1 -0.3 8.0 -0.1 -42.9 -72.3 -3.5 180.0 DRT060069 L3-L4 21.5 -2.1 -266.8 -0.4 8.2 -0.1 -44.7 -82.0 -3.5 180.0
DRT050786 L3-L4 -47.5 -6.3 -210.1 -0.1 8.0 -0.4 3.7 -37.8 -3.4 180.0 DRT050786 L3-L4 -26.2 -6.8 -185.3 -0.1 7.9 -0.4 2.3 -46.9 -3.5 180.0
UF01A030 L3-L4 -46.1 -7.7 -134.4 0.1 8.1 0.1 -55.6 -73.7 -4.2 180.0 UF01A030 L3-L4 52.4 0.1 -95.2 -0.1 8.1 0.3 -56.5 -84.3 -4.1 180.0
Mean -77.3 -10.7 -230.0 0.3 8.0 0.0 -18.3 -56.1 -3.9 180.0 Mean -10.8 -7.6 -181.7 0.5 7.9 0.4 -18.9 -65.9 -3.7 128.6
Standard Deviation 42.2 29.0 59.9 1.0 0.1 0.5 29.1 16.9 0.6 0.0 Standard Deviation 69.3 29.4 70.2 1.3 0.4 1.3 29.4 17.5 0.7 136.1
Points along Disc Midline Points in Subjacent Body
A1 A2
C1 C2
P1 P2
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Table B.5:  Compliant Implanted Spine Condition Flexion Data. 
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 9.5 12.0 240.1 -2.2 -7.4 0.2 23.7 -38.0 3.1 0.0 0105416 L3 -L4 -17.6 18.5 212.2 -2.2 -7.4 0.4 19.6 -48.8 3.4 0.0
UJ00D35 L3-L4 36.0 -21.8 195.1 -0.9 -7.4 -0.9 29.1 -62.5 3.2 0.0 UJ00D35 L3-L4 -17.1 -17.2 146.0 -0.3 -7.7 -0.4 23.7 -85.1 3.2 0.0
ADS0612051 L5-S1 8.1 -0.6 105.9 -0.4 -7.7 -0.1 13.9 -53.3 4.8 0.0 ADS0612051 L5-S1 -59.2 2.3 27.9 0.3 -7.9 -1.6 2.8 -59.2 5.9 0.0
ADS0612051 L3-L4 29.9 -53.4 188.3 0.1 -7.4 -1.9 -25.2 -69.9 5.0 0.0 ADS0612051 L3-L4 -17.9 -60.4 163.0 0.9 -7.2 -2.5 -26.1 -79.8 4.9 0.0
DRT060069 L3-L4 -18.0 1.3 223.0 0.5 -7.6 0.0 -24.2 -73.6 4.7 0.0 DRT060069 L3-L4 -47.3 1.4 176.7 0.4 -7.7 0.1 -25.1 -83.3 4.5 0.0
DRT050786 L3-L4 -5.9 5.6 214.4 0.9 -7.8 0.1 16.0 -40.8 3.7 0.0 DRT050786 L3-L4 -44.4 5.6 176.5 0.7 -7.8 0.1 15.5 -49.8 3.4 0.0
UF01A030 L3-L4 -10.9 -40.2 248.6 -0.5 -7.6 -0.8 -34.1 -76.3 2.3 0.0 UF01A030 L3-L4 -33.1 -41.0 208.6 0.3 -7.7 -0.8 -34.9 -87.8 2.1 0.0
Mean 6.9 -13.9 202.2 -0.4 -7.6 -0.5 -0.1 -59.2 3.8 0.0 Mean -33.8 -13.0 158.7 0.0 -7.6 -0.7 -3.5 -70.6 3.9 0.0
Standard Deviation 20.3 25.1 47.8 1.0 0.2 0.8 26.6 15.5 1.0 0.0 Standard Deviation 17.0 28.4 62.3 1.0 0.2 1.1 24.6 17.3 1.3 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 2.1 9.3 224.2 -2.0 -7.6 0.1 12.4 -37.5 4.9 0.0 0105416 L3 -L4 -47.9 18.6 175.0 -1.8 -7.7 0.2 10.5 -46.3 4.8 0.0
UJ00D35 L3-L4 10.4 -30.7 166.3 -0.8 -7.7 -0.5 18.6 -67.2 4.5 0.0 UJ00D35 L3-L4 -64.9 -26.7 63.7 0.0 -7.9 -0.2 13.8 -81.5 4.4 0.0
ADS0612051 L5-S1 -1.5 0.8 117.1 -0.1 -8.0 -0.6 6.6 -48.2 6.6 0.0 ADS0612051 L5-S1 -97.8 2.9 -33.7 0.8 -7.6 -2.5 -1.0 -54.0 7.1 0.0
ADS0612051 L3-L4 46.6 -65.5 128.6 0.2 -7.6 -2.0 -35.7 -66.8 7.5 0.0 ADS0612051 L3-L4 -57.9 -74.0 90.0 1.1 -7.4 -2.5 -36.6 -77.5 7.3 0.0
DRT060069 L3-L4 -4.5 -1.7 208.7 0.5 -7.8 0.0 -33.2 -72.0 6.9 0.0 DRT060069 L3-L4 -96.9 -2.6 138.5 0.4 -7.9 0.0 -34.8 -81.7 6.7 0.0
DRT050786 L3-L4 -28.5 8.2 57.2 0.6 -8.0 -0.1 8.4 -38.1 4.9 0.0 DRT050786 L3-L4 -99.6 8.8 24.8 0.7 -8.0 0.1 7.1 -47.3 4.5 0.0
UF01A030 L3-L4 -6.7 -45.7 248.0 0.3 -7.9 -0.4 -44.3 -74.1 3.8 0.0 UF01A030 L3-L4 -83.5 -45.7 198.0 0.7 -7.9 -0.4 -45.0 -85.0 3.6 0.0
Mean 2.6 -17.9 164.3 -0.2 -7.8 -0.5 -9.6 -57.7 5.6 0.0 Mean -78.4 -17.0 93.8 0.3 -7.8 -0.8 -12.3 -67.6 5.5 0.0
Standard Deviation 22.8 29.5 67.8 0.9 0.2 0.7 26.8 16.0 1.4 0.0 Standard Deviation 21.3 33.4 83.1 1.0 0.2 1.2 25.4 17.5 1.5 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -10.2 8.8 -16.8 -0.1 -8.0 0.1 5.3 -33.0 6.4 0.0 0105416 L3 -L4 -120.8 16.7 -156.0 0.0 -8.0 0.1 3.1 -43.8 5.7 0.0
UJ00D35 L3-L4 -38.6 -43.0 -58.4 -0.3 -8.0 -0.2 9.2 -63.3 5.8 0.0 UJ00D35 L3-L4 -121.2 -30.3 -190.8 0.0 -8.0 0.3 4.0 -75.1 4.8 0.0
ADS0612051 L5-S1 -43.7 2.8 -0.1 0.5 -7.8 -1.6 0.3 -42.5 8.6 0.0 ADS0612051 L5-S1 -174.7 0.0 -248.6 2.4 -6.4 -4.1 -8.7 -49.4 6.0 0.0
ADS0612051 L3-L4 -30.1 -74.4 -405.6 1.8 -7.7 -0.8 -45.8 -64.5 6.6 0.0 ADS0612051 L3-L4 -122.1 -66.5 -419.6 2.5 -7.5 -0.9 -45.6 -73.9 6.2 0.0
DRT060069 L3-L4 -83.3 0.1 -256.5 0.4 -8.0 0.0 -41.9 -71.0 7.7 0.0 DRT060069 L3-L4 -167.0 -0.2 -308.9 0.5 -8.0 0.0 -43.3 -80.6 6.3 0.0
DRT050786 L3-L4 -88.0 23.4 -327.5 0.2 -8.0 -0.6 0.1 -35.5 4.5 0.0 DRT050786 L3-L4 -137.3 19.4 -290.6 0.2 -8.0 -0.6 -0.8 -44.5 4.1 0.0
UF01A030 L3-L4 -59.4 -40.4 -158.8 1.0 -8.0 0.0 -54.0 -72.3 5.3 0.0 UF01A030 L3-L4 -153.6 -41.8 -185.9 1.4 -7.9 0.1 -54.5 -82.9 4.6 0.0
Mean -50.5 -17.5 -174.8 0.5 -7.9 -0.4 -18.1 -54.6 6.4 0.0 Mean -142.4 -14.7 -257.2 1.0 -7.7 -0.7 -20.8 -64.3 5.4 0.0
Standard Deviation 28.2 35.3 159.5 0.7 0.1 0.6 27.7 17.0 1.4 0.0 Standard Deviation 22.8 32.2 91.3 1.1 0.6 1.6 25.8 17.6 0.9 0.0
Points along Disc Midline Points in Subjacent Body
A1 A2
C1 C2
P1 P2
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Table B.6:  Compliant Implanted Spine Condition Extension Data. 
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -75.8 9.8 -300.3 1.1 8.0 0.8 23.9 -38.0 -2.3 180.0 0105416 L3 -L4 -36.5 9.8 -258.1 0.8 8.0 0.8 19.7 -48.9 -2.6 180.0
UJ00D35 L3-L4 -100.3 -16.8 -248.1 -1.7 7.9 -0.4 29.5 -62.5 -2.3 180.0 UJ00D35 L3-L4 -50.4 -9.2 -197.1 -1.4 8.0 -0.1 23.8 -85.2 -2.9 180.0
ADS0612051 L5-S1 -116.2 -6.8 -174.2 -0.1 8.1 -0.2 14.2 -53.5 -2.3 180.0 ADS0612051 L5-S1 -80.2 -1.4 -125.9 -0.5 8.0 0.1 2.5 -59.2 -4.1 180.0
ADS0612051 L3-L4 -73.3 -44.8 -313.6 1.5 7.9 -0.7 -24.9 -69.9 -2.4 180.0 ADS0612051 L3-L4 -16.5 -42.9 -258.3 1.6 8.0 -0.4 -26.3 -79.8 -2.4 -180.0
DRT060069 L3-L4 -105.6 -9.8 -289.7 0.0 8.0 -0.2 -23.9 -73.8 -2.1 180.0 DRT060069 L3-L4 -57.9 -8.1 -260.0 0.0 8.1 -0.1 -25.2 -83.4 -2.2 180.0
DRT050786 L3-L4 -55.3 12.5 -258.9 -0.5 7.5 -2.8 16.3 -40.7 -3.7 180.0 DRT050786 L3-L4 13.0 15.3 -154.5 -1.0 7.6 -2.3 15.4 -49.6 -3.5 180.0
UF01A030 L3-L4 -91.7 -32.5 -279.5 -0.1 8.0 -0.6 -33.8 -76.2 -2.6 180.0 UF01A030 L3-L4 -19.8 -29.0 -244.5 0.0 8.0 -0.5 -35.0 -87.8 -2.6 180.0
Mean -88.3 -12.7 -266.3 0.0 7.9 -0.6 0.2 -59.2 -2.5 180.0 Mean -35.5 -9.4 -214.0 -0.1 8.0 -0.4 -3.6 -70.6 -2.9 128.6
Standard Deviation 21.2 20.9 46.5 1.0 0.2 1.1 26.6 15.5 0.5 0.0 Standard Deviation 30.8 20.6 55.6 1.0 0.2 0.9 24.7 17.3 0.7 136.1
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -44.5 10.8 -182.8 0.4 8.1 0.6 12.9 -37.5 -4.0 180.0 0105416 L3 -L4 19.1 12.0 -155.8 0.2 8.0 0.8 10.4 -46.5 -3.9 180.0
UJ00D35 L3-L4 -95.5 -16.5 -210.8 -1.6 7.9 -0.2 19.0 -67.2 -3.8 180.0 UJ00D35 L3-L4 0.8 -5.2 -115.8 -1.2 7.9 0.0 13.8 -81.6 -4.5 180.0
ADS0612051 L5-S1 -148.1 -6.6 -199.6 -0.4 8.0 0.0 7.2 -48.5 -3.6 180.0 ADS0612051 L5-S1 -58.9 -1.5 -85.5 -0.9 8.0 0.1 -0.9 -54.2 -5.1 180.0
ADS0612051 L3-L4 -19.1 -44.5 -231.9 0.8 8.1 -0.3 -35.2 -66.8 -3.5 180.0 ADS0612051 L3-L4 35.8 -37.8 -139.0 0.6 8.1 -0.1 -36.5 -77.4 -3.2 180.0
DRT060069 L3-L4 -93.2 -13.9 -167.1 -0.4 8.0 -0.1 -32.8 -72.2 -3.0 180.0 DRT060069 L3-L4 -25.0 -3.5 -203.0 -0.3 8.0 0.0 -34.7 -81.8 -3.3 180.0
DRT050786 L3-L4 -10.6 3.8 -79.4 -1.2 7.3 -3.1 8.9 -38.1 -4.5 180.0 DRT050786 L3-L4 59.6 14.4 -45.8 -1.3 7.6 -2.5 7.2 -47.3 -4.4 180.0
UF01A030 L3-L4 -73.5 -35.6 -116.3 -1.3 7.9 -0.3 -43.8 -74.2 -3.6 180.0 UF01A030 L3-L4 18.1 -26.9 -72.7 -1.3 8.0 -0.2 -44.9 -85.0 -3.8 180.0
Mean -69.2 -14.7 -169.7 -0.5 7.9 -0.5 -9.1 -57.8 -3.7 180.0 Mean 7.1 -6.9 -116.8 -0.6 7.9 -0.3 -12.3 -67.7 -4.0 180.0
Standard Deviation 48.4 19.9 54.2 0.9 0.3 1.2 26.8 16.0 0.4 0.0 Standard Deviation 39.3 19.2 53.9 0.8 0.2 1.0 25.3 17.5 0.7 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -22.8 14.0 -15.2 -0.3 8.0 0.5 5.6 -33.1 -4.5 180.0 0105416 L3 -L4 54.7 15.8 21.2 -0.6 8.0 0.7 2.7 -44.0 -4.4 180.0
UJ00D35 L3-L4 -54.2 -12.8 -61.7 -0.9 8.0 0.0 9.4 -63.5 -4.9 180.0 UJ00D35 L3-L4 66.3 -10.0 101.3 0.1 8.0 -0.3 3.6 -75.2 -5.1 180.0
ADS0612051 L5-S1 -124.3 -10.1 -144.2 -1.1 7.9 0.1 0.7 -42.8 -5.0 180.0 ADS0612051 L5-S1 -29.4 -6.9 -31.6 -1.3 7.8 0.2 -8.9 -49.5 -6.1 180.0
ADS0612051 L3-L4 46.5 -37.6 -31.4 -0.6 8.1 0.0 -45.7 -64.6 -4.5 180.0 ADS0612051 L3-L4 90.1 -34.9 -27.6 -0.3 8.0 0.4 -45.9 -74.0 -4.2 180.0
DRT060069 L3-L4 -35.5 -11.0 21.7 -0.8 8.0 0.0 -41.8 -71.2 -3.7 180.0 DRT060069 L3-L4 57.5 -6.6 75.6 -0.7 8.1 -0.1 -43.6 -80.9 -3.7 180.0
DRT050786 L3-L4 60.7 8.0 161.3 -1.6 7.4 -2.5 0.3 -35.6 -4.6 180.0 DRT050786 L3-L4 120.0 10.8 191.1 -1.6 7.5 -2.2 -1.1 -44.6 -4.3 180.0
UF01A030 L3-L4 -8.7 -29.5 139.9 -2.3 7.7 0.0 -53.8 -72.4 -3.2 180.0 UF01A030 L3-L4 76.8 -22.9 185.4 -2.3 7.7 0.0 -54.8 -83.0 -3.2 180.0
Mean -19.8 -11.3 10.1 -1.1 7.9 -0.3 -17.9 -54.8 -4.4 180.0 Mean 62.3 -7.8 73.6 -1.0 7.9 -0.2 -21.1 -64.5 -4.4 180.0
Standard Deviation 62.4 18.4 108.9 0.7 0.2 1.0 27.7 17.0 0.7 0.0 Standard Deviation 46.2 17.7 92.3 0.8 0.2 0.9 25.8 17.6 0.9 0.0
Points along Disc Midline Points in Subjacent Body
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Table B.7:  Non-Compliant Implanted Spine Condition Flexion Data. 
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 4.9 5.3 211.3 -1.9 -7.6 0.2 24.8 -43.0 4.9 0.0 0105416 L3 -L4 -39.2 13.2 206.3 -2.1 -7.7 0.5 20.8 -53.8 5.5 0.0
UJ00D35 L3-L4 47.3 -20.6 189.3 -0.7 -7.6 -1.4 32.8 -32.2 4.3 0.0 UJ00D35 L3-L4 -18.9 -16.8 158.2 -0.2 -7.8 -0.7 27.4 -54.9 4.6 0.0
ADS0612051 L5-S1 18.5 3.0 133.3 -1.1 -7.8 -1.3 15.3 -55.7 6.6 0.0 ADS0612051 L5-S1 -80.0 -19.2 -11.9 0.5 -7.0 -4.0 4.2 -61.7 8.1 0.0
ADS0612051 L3-L4 45.1 -2.9 202.0 -1.0 -7.8 -0.3 36.7 -37.3 5.6 0.0 ADS0612051 L3-L4 -15.8 -10.6 188.2 -0.8 -7.8 -0.9 35.7 -47.2 5.8 0.0
DRT060069 L3-L4 36.0 -0.2 227.7 -0.1 -7.7 0.0 30.8 -39.6 4.1 0.0 DRT060069 L3-L4 -25.3 -1.3 203.7 -0.1 -7.8 0.0 29.9 -49.2 4.3 0.0
DRT050786 L3-L4 -12.9 -9.2 235.7 0.0 -7.9 0.0 13.5 -52.3 5.4 0.0 DRT050786 L3-L4 -65.5 -9.7 168.8 0.0 -8.0 0.0 12.9 -61.4 5.0 0.0
UF01A030 L3-L4 2.7 -4.3 259.4 -2.6 -7.4 0.0 23.3 -77.2 3.0 0.0 UF01A030 L3-L4 -27.5 -5.5 224.4 -2.0 -7.6 0.0 22.5 -88.8 3.0 0.0
Mean 20.2 -4.1 208.4 -1.1 -7.7 -0.4 25.3 -43.0 4.2 0.0 Mean -38.9 -7.1 162.5 -0.7 -7.7 -0.7 21.9 -59.6 5.2 0.0
Standard Deviation 23.2 8.7 40.3 0.9 0.2 0.7 8.8 24.8 2.2 0.0 Standard Deviation 24.6 10.9 80.2 1.0 0.3 1.5 10.7 14.0 1.6 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -8.8 15.1 215.1 -2.0 -7.7 0.8 13.8 -42.4 7.4 0.0 0105416 L3 -L4 -93.8 17.9 142.0 -2.0 -7.7 1.0 11.7 -51.3 7.6 0.0
UJ00D35 L3-L4 23.2 -25.8 183.7 -0.1 -7.8 -1.2 22.4 -36.9 6.2 0.0 UJ00D35 L3-L4 -81.7 -17.3 61.5 0.4 -8.1 -0.1 17.5 -51.3 6.3 0.0
ADS0612051 L5-S1 -2.2 -3.8 100.4 -1.0 -7.6 -2.2 8.2 -50.8 8.8 0.0 ADS0612051 L5-S1 -129.0 -31.8 -156.9 1.9 -5.5 -5.5 0.8 -56.7 8.2 0.0
ADS0612051 L3-L4 61.5 -6.6 195.1 -0.9 -7.9 -0.5 26.2 -34.1 8.0 0.0 ADS0612051 L3-L4 -86.1 -11.7 68.7 -0.6 -7.9 -1.2 25.3 -44.8 8.3 0.0
DRT060069 L3-L4 34.6 -2.1 117.1 -0.8 -7.9 0.0 21.8 -38.0 5.8 0.0 DRT060069 L3-L4 -90.6 -3.5 -27.8 -1.3 -7.8 0.1 20.2 -47.6 5.9 0.0
DRT050786 L3-L4 -112.0 10.3 -266.4 -0.6 -8.0 0.1 5.9 -49.6 6.0 0.0 DRT050786 L3-L4 -164.0 11.1 -332.9 -0.7 -8.0 0.1 4.6 -58.9 5.1 0.0
UF01A030 L3-L4 -25.1 -1.1 81.9 -3.0 -7.4 0.1 13.2 -75.1 4.5 0.0 UF01A030 L3-L4 -106.3 -5.4 1.6 -2.4 -7.7 0.1 12.5 -85.9 4.5 0.0
Mean -3.3 -4.9 68.6 -1.1 -7.8 -0.6 16.3 -47.4 6.5 0.0 Mean -107.3 -5.8 -34.8 -0.7 -7.5 -0.8 13.2 -56.7 6.6 0.0
Standard Deviation 61.0 11.8 170.3 1.0 0.2 0.9 8.4 15.2 1.6 0.0 Standard Deviation 29.6 16.8 161.4 1.4 0.9 2.2 8.6 13.8 1.5 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -62.3 19.6 -246.8 -0.9 -7.8 1.5 6.6 -37.9 8.5 0.0 0105416 L3 -L4 -193.8 17.6 -476.0 -0.3 -7.9 1.7 4.3 -49.3 7.0 0.0
UJ00D35 L3-L4 -35.8 -27.8 -170.7 0.6 -8.0 -0.1 12.9 -33.0 7.5 0.0 UJ00D35 L3-L4 -170.8 -16.6 -370.7 0.2 -8.0 0.1 7.7 -44.9 5.8 0.0
ADS0612051 L5-S1 -69.7 -28.6 -170.7 0.8 -6.5 -4.7 2.0 -45.2 9.6 0.0 ADS0612051 L5-S1 -154.4 -30.8 -256.6 3.2 -4.6 -5.7 -7.0 -52.0 4.3 0.0
ADS0612051 L3-L4 -99.1 0.0 -515.0 0.8 -6.5 0.0 16.0 -31.9 4.8 0.0 ADS0612051 L3-L4 -169.8 -0.1 -509.9 0.7 -6.4 0.0 16.3 -41.3 4.2 0.0
DRT060069 L3-L4 -99.1 -1.0 -418.2 -2.9 -7.4 0.5 13.1 -36.9 4.4 0.0 DRT060069 L3-L4 -172.8 -0.3 -437.1 -2.7 -7.5 0.5 11.7 -46.5 3.3 0.0
DRT050786 L3-L4 -154.3 7.8 -510.3 -0.7 -7.9 -0.6 -2.4 -47.1 3.4 0.0 DRT050786 L3-L4 -150.4 9.0 -469.4 -0.7 -8.0 -0.4 -3.3 -56.2 2.9 0.0
UF01A030 L3-L4 -124.9 -6.1 -513.8 -1.5 -7.9 0.1 3.5 -73.2 3.8 0.0 UF01A030 L3-L4 -140.1 -6.8 -458.8 -1.3 -8.0 0.1 3.0 -83.8 3.3 0.0
Mean -92.2 -5.2 -363.6 -0.5 -7.4 -0.5 7.4 -43.6 6.0 0.0 Mean -164.6 -4.0 -425.5 -0.1 -7.2 -0.5 4.7 -53.5 4.4 0.0
Standard Deviation 40.0 17.7 162.3 1.4 0.7 2.0 6.8 14.3 2.5 0.0 Standard Deviation 17.7 16.1 86.0 1.9 1.3 2.4 8.1 14.2 1.5 0.0
Points along Disc Midline Points in Subjacent Body
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Table B.8:  Non-Compliant Implanted Spine Condition Extension Data. 
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -85.5 13.9 -221.7 0.0 7.9 1.2 25.3 -43.0 -1.4 180.0 0105416 L3 -L4 -55.9 14.5 -266.1 0.0 8.1 1.2 20.9 -53.9 -1.8 180.0
UJ00D35 L3-L4 -105.8 -10.8 -231.5 -1.9 7.9 -0.2 33.3 -32.2 -1.6 180.0 UJ00D35 L3-L4 -94.4 -9.2 -264.8 -2.1 7.9 -0.2 27.6 -55.1 -2.0 180.0
ADS0612051 L5-S1 -107.9 10.8 -154.2 2.1 6.8 -3.7 15.9 -56.1 -2.7 180.0 ADS0612051 L5-S1 -17.6 13.9 -52.9 0.3 7.7 -2.4 4.3 -61.9 -3.7 180.0
ADS0612051 L3-L4 -132.1 10.6 -427.4 0.5 8.0 0.7 37.2 -37.3 -2.1 180.0 ADS0612051 L3-L4 -106.5 11.5 -396.8 0.1 8.0 0.9 35.8 -47.2 -2.3 180.0
DRT060069 L3-L4 -110.6 -1.2 -331.4 -3.3 7.3 0.3 31.1 -39.6 -1.8 180.0 DRT060069 L3-L4 -62.4 -1.0 -321.6 -3.5 7.3 0.3 29.8 -49.2 -2.0 180.0
DRT050786 L3-L4 -90.4 -2.8 -360.2 -1.1 7.8 -1.7 13.8 -52.4 -2.8 180.0 DRT050786 L3-L4 -33.7 -5.9 -257.9 -1.1 7.8 -1.8 12.5 -50.4 -2.4 180.0
UF01A030 L3-L4 -118.9 -5.5 -399.7 -1.8 7.8 0.1 23.7 -77.2 -2.3 180.0 UF01A030 L3-L4 -33.2 7.1 -328.2 -2.3 7.6 0.9 19.1 -54.8 -2.8 180.0
Mean -107.3 2.1 -303.7 -0.8 7.7 -0.5 25.8 -48.3 -2.1 180.0 Mean -57.7 4.4 -269.8 -1.3 7.8 -0.2 21.4 -53.2 -2.4 180.0
Standard Deviation 15.9 9.5 102.3 1.8 0.4 1.7 8.7 15.3 0.5 0.0 Standard Deviation 33.0 9.7 107.6 1.5 0.3 1.4 10.8 4.9 0.7 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -88.9 14.3 -244.4 0.1 7.9 1.0 14.1 -42.5 -2.3 180.0 0105416 L3 -L4 -34.2 16.1 -220.0 -0.2 7.9 1.1 11.6 -51.4 -2.6 180.0
UJ00D35 L3-L4 -129.4 -7.8 -276.3 -2.0 7.8 -0.2 22.7 -37.1 -2.6 180.0 UJ00D35 L3-L4 -72.3 -5.6 -256.3 -2.1 7.8 -0.3 17.5 -51.5 -3.3 180.0
ADS0612051 L5-S1 -67.7 14.8 -105.2 1.2 7.4 -3.2 8.7 -51.2 -3.8 180.0 ADS0612051 L5-S1 -1.6 11.9 -29.0 0.2 7.7 -2.5 0.6 -56.8 -4.3 180.0
ADS0612051 L3-L4 -116.5 17.3 -380.7 0.0 8.1 0.9 26.8 -34.2 -3.3 180.0 ADS0612051 L3-L4 -28.5 18.6 -263.6 -0.3 8.2 0.9 25.5 -44.8 -3.4 180.0
DRT060069 L3-L4 -88.5 -2.6 -293.2 -3.9 7.0 0.4 22.2 -38.1 -3.4 180.0 DRT060069 L3-L4 7.0 -2.3 -190.2 -3.7 7.2 0.1 20.3 -47.6 -3.7 180.0
DRT050786 L3-L4 2.1 -5.2 -79.6 -1.6 7.8 -1.4 6.3 -49.7 -3.6 180.0 DRT050786 L3-L4 68.1 -6.3 -19.8 -1.5 7.8 -1.2 4.7 -58.9 -3.5 180.0
UF01A030 L3-L4 -59.0 -3.3 -158.1 -3.0 7.4 0.1 13.6 -75.1 -3.9 180.0 UF01A030 L3-L4 57.1 13.5 -114.7 -3.2 7.3 1.5 9.2 -52.0 -4.4 180.0
Mean -78.3 3.9 -219.6 -1.3 7.6 -0.3 16.4 -46.8 -3.3 180.0 Mean -0.6 6.5 -156.2 -1.6 7.7 0.0 12.8 -51.9 -3.6 180.0
Standard Deviation 43.3 10.9 109.3 1.8 0.4 1.5 7.7 14.0 0.6 0.0 Standard Deviation 50.2 10.8 102.7 1.5 0.4 1.4 8.8 4.9 0.6 0.0
Spine Fx Fy Fz Mx My Mz x z pitch roll Spine Fx Fy Fz Mx My Mz x z pitch roll
0105416 L3 -L4 -75.7 13.9 -155.3 -0.2 8.0 0.8 6.8 -38.2 -3.1 180.0 0105416 L3 -L4 2.0 15.1 -78.9 -0.7 8.0 0.8 4.0 -49.5 -3.4 180.0
UJ00D35 L3-L4 -119.5 -2.3 -196.9 -1.2 7.9 -0.4 13.1 -33.3 -3.9 180.0 UJ00D35 L3-L4 -6.0 1.9 -34.9 -0.8 8.0 -0.7 7.3 -45.1 -4.7 180.0
ADS0612051 L5-S1 -37.9 14.1 -51.0 0.5 7.5 -3.0 2.1 -45.5 -4.5 180.0 ADS0612051 L5-S1 15.1 9.8 10.9 -0.3 7.7 -2.3 -7.4 -52.2 -5.1 180.0
ADS0612051 L3-L4 -22.8 22.5 -124.5 -0.6 8.0 0.2 16.4 -32.0 -4.7 180.0 ADS0612051 L3-L4 37.1 7.7 -105.3 -0.5 8.1 0.0 16.1 -41.4 -4.6 180.0
DRT060069 L3-L4 37.5 -4.5 99.9 -2.7 7.6 0.0 13.2 -37.1 -4.1 180.0 DRT060069 L3-L4 105.7 -4.8 161.9 -2.3 7.7 -0.1 11.4 -46.7 -3.8 180.0
DRT050786 L3-L4 77.0 -7.2 166.4 -2.1 7.7 -1.1 -2.2 -47.3 -3.7 180.0 DRT050786 L3-L4 111.8 -10.6 183.8 -1.9 7.8 -1.1 -4.0 -45.3 -3.3 180.0
UF01A030 L3-L4 79.1 6.3 243.2 -3.4 7.2 0.8 0.3 -39.4 -4.3 180.0 UF01A030 L3-L4 132.1 5.0 253.0 -3.2 7.3 1.2 -0.7 -50.0 -3.8 180.0
Mean -8.9 6.1 -2.6 -1.4 7.7 -0.4 7.1 -39.0 -4.0 180.0 Mean 56.8 3.5 55.8 -1.4 7.8 -0.3 3.8 -47.2 -4.1 180.0
Standard Deviation 76.4 11.2 172.1 1.4 0.3 1.3 7.3 5.7 0.6 0.0 Standard Deviation 57.9 8.8 141.9 1.1 0.3 1.2 8.5 3.6 0.7 0.0
Points along Disc Midline Points in Subjacent Body
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